HEALTH PHYSICS 


OFFICIAL JOURNAL OF THE HEALTH PHYSICS SOCIETY 


Volume 5 


KARL Z. MORGAN 
Editor-in-Chief 


W. S. SNYDER J. A. AUXIER 
Editors 


OFFICERS AND DIRECTORS OF THE HEALTH PHYSICS SOCIETY 
President Most Recent Past President Board of Directors 
Joun S. LAUGHLIN Expa E. ANDERSON + ~—sG.. V. BEARD K. Z. MorGAN 
President-Elect Secretary L. J. GHERUBIN R. M. Sievert 
WattTeER D. CLAus FRANK L, PASCHAL, JR. F. P. Cowan G. W. C. Tarr 
Treasurer Executive Secretary W. 'T. Ham R. CG. ‘THORBURN 


Sau J. Harris RussELL F. Cow1nc W. H. LANGHAM 


MEMBERS OF THE HONORARY EDITORIAL ADVISORY BOARD 
Austria; J. J. ZAKkovsky * Belgium: Z. M. Bacg + R. BOULENGER 
Canada: F. D. Sowsy + H. E. Jouns + G. C. Butter + Denmark: J. C. Jacopsen + H. Levi 
France: H. P. JAaMMeT - L. BuGNARD + A. ALLIsy + Germany: E. H. Grau + H. Hoitruusen 
IAEA: M. Suzuxt + India: A.S. Rao + Italy: A. Perussta + Japan: M. K. Nakarpzumti : S. Suimizu 
Netherlands: W. J. OosrerKAMP +« A. H. W. Aten, JR. + Norway: K. Koren 
Sweden: R. M. Strevert + L. CartBom + Switzerland: F. ALper - G. Jover + Turkey: P. CAMBEL 
United Kingdom: W. G. Martey -« W. Binks - W. V. Mayneorp «- J. S. Mitcuert + E. E. Pocuin 
United States: G. Fartta + R. D. Evans + C. L. DunHAM - A. M. Bruss «+ P. S. HENSHAW « S. WARREN 
J. C. Bucuer - H. A. Biarr - L. B. St-verman - L. D. Marinetir - W. T. Ham + B. Moyer 
H. M. Parker « L, StItvERMAN « C. A. Tosias + C. R. Witiiams « S. Block 


Uruguay: F. Leporcne + U.S.S.R.: F. KrotKkov + World Health Organization: P. DoroLLe 


PERGAMON PRESS NEW YORK OXFORD 


HEALTH PHYSICS 
The Official Journal of the Health Physics Society 


EDITORS 
Dr. K. Z. Morcan (Editor-in-Chief), Director, Health Physics Division, Oak Ridge National 
Laboratory, Oak Ridge, Tennessee, U.S.A. 
Dr. W. S. SnypvER, Health Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee, 
U.S.A. 
Dr. J. A. Auxter, Health Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee, 
U.S.A. 


INSTRUCTIONS TO CONTRIBUTORS 


Manuscripts should be submitted to Dr. K. Z. Morcan, Health Physics Division, Oak 
Ridge National Laboratory, P.O. Box X, Oak Ridge, Tennessee. The author’s institution 
is requested to pay a publication charge of $10.00 per page, which entitles the author to 


50 free reprints. 

Manuscripts submitted for publication in Health Physics can be accepted only on the 
condition that they have not been submitted elsewhere. Manuscripts must be typed, on 
one side of the paper only, with double or triple spacing and the original and one duplicate 
copy should be submitted. The figures should be glossy prints of approximately 8 x 10 
inches or original line drawings with lettering which will be legible after reduction of the 
size of the figure. Attach the figures to separate sheets together with the figure number. 
Captions should be typed on a separate sheet and attached to the manuscript. 

An abstract of 200 words or less must accompany the manuscript. It should give a 
precise account of the major results of the research as well as some indication of methods or 
applications when these are of interest. Avoid excessively general remarks. 

Other considerations of style and form may be in accordance with generally accepted 
journalistic practices. 


Pergamon Press are also publishers of the following journals : 


PLANETARY AND SPACE SCIENCE 
Geocumica et Cosmocuimica AcTA 
BuLLeTIn GtoptsiQue 
ANNALS OF THE INTERNATIONAL GEOPHYSICAL YEAR 
JourNAL or THE MECHANICS AND Puysics or Soups 
INTERNATIONAL JOURNAL OF MECHANICAL SCIENCES 
SPECTROCHIMICA ACTA 
Acta METALLURGICA 

for the Board of Governors of Acta Metallurgica) 
INTERNATIONAL JOURNAL OF THE PHysics AND CHEMISTRY OF 


JournaL or Nuciear Enercy (including Tue Soviet 
JournaAL or Aromic Enercy*) Part A: Reactor 
Science; Part B: Reactor TecuNno.ocy; Part C: PLasMa 
Puysics—AcceLeERATors—THERMONUCLEAR RESEARCH 

JourNAL or INORGANIC AND NuCLEAR CHEMISTRY 

TETRAHEDRON (The International Journal of Organic Chemistry 

TeTRAHeDRON Letters (The International Organ for the Rapid 
Publication of Preliminary Communications in Organic Chemistry 

TALANTA (An International Journal of Analytical Chemistry 

INTERNATIONAL JOURNAL OF AppPLIED RADIATION AND 


IsoToOPES Soitps 


BriocHEMICAL PHARMACOLOGY 

* Broprysics 

* JourRNAL oF Microsio.ocy, ErtpemioLoGy AND IMMUNO- 
BIOLOGY 

* Prosp_ems oF HEMATOLOGY AND BLoop TRANSFUSION 

* Prosp_ems Or ONCOLOGY 

* Prosp_ems oF VIROLOGY 

* Secnenov PuysioLocicaL JouRNAL or THE U.S.S.R 

* Evecrric TrecHno.ocoy, U.S.S.R. 

* Rapio ENGINEERING 

* Rapio ENGINEERING AND ELECTRONICS 

* TELECOMMUNICATIONS 

* Tue Puysics or Metats AND METALLOGRAPHY 

* Tue Apstracts JouRNAL OF METALLURGY 

* Apptiep MATHEMATICS AND MECHANICS 

CuemicaL ENGINEERING SCIENCE 

JouRNAL OF ATMOSPHERIC AND TERRESTRIAL Puysics 


Souip-Strate Evecrronics 

RHEOLOGY ABSTRACTS 

Deep-Sea ReszARCH 

JourRNAL oF NEUROCHEMISTRY 

JourRNAL or PsycuosomMatic RESEARCH 

Journat or Cut_p PsycHoLocy AND PsycHIATRY 

Journav or Insect PuysioLocy 

SMALL ANIMAL PRACTICE 

JourNAL or AiR AND WATER POLLUTION 

INTERNATIONAL ABSTRACTS OF BIOLOGICAL ScIENCES 
(for Biological and Medical Abstracts Ltd.) 

VacuUM 

OPERATIONAL RESEARCH QUARTERLY 

ANNALS OF OcCUPATIONAL HYGIENE 

ELECTROCHIMICA ACTA 

ComPARATIVE BIOCHEMISTRY AND PHYSIOLOGY 

HuMAN Factors 


* Translations of the Russian Journals published on behalf of the Pergamon Institute. a division of Pergamon International Corporation 


Leaflets giving further details and subscription rates of each of these journals are available on request 


LIST OF CONTENTS 


NUMBERS 1/2 
Suggested radiation protection regulations. Draft of revision to Appendix B, Handbook 61 
E. B. WaGNeR and G. S. Hursr: A Geiger—Miieller y-ray dosimeter with low neutron sensitivity 


G. L. Brownet._, W. H. Extterr, R. A. Rypin and G. J. Hine: Large plastic scintillators for radio- 
activity measurement . 


P. S. Harris: Radiation dose estimation in the 1958 Los Alamos criticality accident 
M. L. Ranpovpn, H. G. Jones and D. L. PArrisH: Decay of polonium—beryllium fast neutron sources 
E. L. Ray and S. E. HamMmonp: ‘The use of an «-pulse-height analyzer in environmental monitoring 


E. D. Guptron, D. M. Davis and J. C. Harr: Criticality accident application of the Oak Ridge National 
Laboratory badge dosimeter 

A. Broiwo and J. D. Trerest: Analysis of the hazards associated with radioactive fallout material—lI. 
Estimation of y- and f-doses 

D. A. GARDINER and K. E. Cowser: Optimization of radionuclide removal from low-level process wastes 
by the use of response surface methods 

P. ZiGMAN and J. Mackin: Early time decay of fission product mixtures—II. y-Energy release and 
ionization rates following thermal neutron fission of U?8 

J. G. Kererakes and M. S. Miracuia: Relative biological effectiveness of Co® y-radiation for various 
responses in mice . 


W. J. Barr, D. H. Wittarp and L. A, TempLe: The behavior of inhaled Ru!®O, particles 


Note: 
Comments on the revision to Appendix B, NBS Handbook 61 


Health Physics Society Placement Column 


NUMBERS 3/4 
A. Morcan and D. G. Sransury: The contamination of rivers with fission products from fallout 
R. L. Frencu and M. B. Weis: Calculations of weapons radiation penetration in air 
J. B. Eccen, R. L. Frencu and A. Rerrz, Jr.: Fast-neutron spectra and dose-rate calculations 


D. J. Raso: ‘Transmission of scattered y-rays through concrete and jron slabs 


T. ‘Tamura ad D. G. JAcoss: Improving cesium selectivity of bentonites by heat treatment 
H. K. SuHapar: Significance of health physics evidence in the trial of a case of radiation personal injury 
M. M. Wess and W. W. Mumrorp: Microwave radiation hazards 


W. Hicinsoruam, E. Ratney and J. Cuesrer: ‘Ten-channel radiation monitor for pulsed accelerators 


H. C. Kinng, Jr.: The health physicist in nuclear warfare 


G. S. Hurst, R. H. Rircnim, F. W. SANpers, P. W. Retnuarpt, J. A. Auxrer, E. B. WaGner, A. D. 
CALLIHAN and K. Z. MorGAn: Dosimetric investigation of the Yugoslav radiation accident 


D. R. Nevson, R. D. Brrkxorr, R. H. Rrrcute and H. H. Hussetr, Jr.: Measurement of electron flux in 
media bombarded by X-rays 


W. D. Moss, E. 


C. Hyarr and H. F. Scuutte: Particle size studies on plutonium aerosols 


Ryosuke YoKoTa, SABURO NAKAJIMA and Eyyt SAKAI: High sensitivity silver-activated phosphate glass 
for the simultaneous measurement of thermal neutrons, y- and/or f-rays 


Notes: 


KrisTIAN Koren and ARNE BuLL: Determination of radioiodine in milk 


\. H. W. Aven, JRr., J. W. DALENBERG and W. C. M. BAkkum: Concentration of uranium in sea fish 


J. A. Auxter, F. W. SANpers and P. N. HEeNsLtey: <A device for determining the orientation of persons 


exposed to neutron and/or y-radiation 


I. MicHELSON: Strontium-90 in the total diet . 


I. MicuHetson: Radium-226 in the total diet 


News 


Health Physics Society Placement Column 


Obituary 


\reN, A. H. W. Jr. p. 225 
AuxirR, J. A. pp. 179, 226 
Barr, W. J. p. 90 

Bakkum, W. C. M. p. 225 
Birkorr, R. D. p. 203 
Brorpo, A. p. 63 
BROWNELL, G. L. p. 27 
But, A. p. 225 
CALuinan, A. D. p. 179 
Cuester, J. p. 169 
Cowser, K. E. p. 7 
DALENBURG, J. W. p. 225 
Davis, D. M. p. 57 
EccEN, J. B. p. 119 
EvLett, W. H. p. 27 
Frencu, R. L. pp. 108, 119 
GARDINER, D. A. p. 70 


AUTHOR INDEX 


Gupton, E. D. p. 5 
Hammon, S. FE. p. ! 
Harris, P. S. p. 3 
Hart, J. C. p. 57 
HENSLEY, P. N. p. : 
HicInBoTHuaMm, W. p. 
Hing, G. J. p. 27 


Hussie, H. H., Jr. p. 2 


Hurst, G. S. pp. 20, 
Hyatt, E. C. p. 212 


Jacoss, D. G. p. 149 
Jee, W.S.S 
Jones, H. G. p. 45 


KEREIAKES, J. G. 
Kinng, H. C., Jr. p. 
Koren, K. p. 225 
Mackin, J. p. 79 


MicuHE son, I. pp. 227, 229 
Mrrac tia, M. S. p. 85 
Moraan, A. p. 101 
Moraan, K. Z. p. 179 
Moss, W. D. p. 212 
Mumrorp, W. W. p. 160 
Nakajima, S. p. 219 
Nextson, D. R. p. 203 
ParrisH, D. L. p. 45 
Raney, E. p. 169 
RANbovpH, M. L. p. 45 
Raso, D. J. p. 126 

Ray, E. L. p. 50 

Reetz, A., Jr. p. 119 
REINHARDT, P. W. p. 179 
Rrreure, R. H. pp. 179, 203 
Rypry, R. A. p. 27 


Sakal, E. p. 219 

SANDERS, F. W. pp. 179, 226 
Scuu te, H. F. p. 212 
Suapar, H. K. p. 155 
Sairu, J. W. p. 200 
Stansury, D. G. p. 101 
Tamura, T. p. 149 
Taytor, L. S. p. 1 
TempLe, L. A. p. 90 
Teres!, J. D. p. 63 
‘TWENTE, J. A. p. 142 
Wacner, E. B. pp. 20, 179 
Wess, M. M. p. 160 
WELLs, M. B. p. 108 
Wiivarp, D. H. p. 90 
Yoxora, R. p. 219 
ZiGMAN, P. p. 79 


Health Physics Pergamon Press 1961. Vol. 5, pp. 1-19. Printed in Northern Ireland 


SUGGESTED RADIATION PROTECTION REGULATIONS* 


DRAFT OF REVISION TO APPENDIX B, HANDBOOK 61+ 


PREFACE? 


HANDBOOK 61 on the Regulation of Radiation 
Exposure by Legislative Means was published in 
December 1955 as recommendations of the 
NCRP. At the time, the handbook represented 
a substantial departure from the type of recom- 
mendations the Committee had published in the 
past. However, such recommendations appeared 
to be needed, since various agencies at all levels 
of Government were actively seeking the advice 
of the NCRP in the development of radiation 
protection laws and codes. 
Handbook 61 contained a set of suggested 
regulations which the Committee felt could be 
used to provide a common framework for the 
regulatory control of radiation sources. The 
Committee did not intend Appendix B to be 
used as a model code. 

In 1958 the Committee recognized that more 
and more regulations for radiation protection 
were being developed at all levels of Government 
and that all or parts of Appendix B were being 
used without change in these regulations. The 
NCRP decided to reactivate the subcommittee 
which had prepared Handbook 61 so that 
Appendix B could be revised into a more satis- 
factory model from both a regulatory and 
administrative point of view. This revision was 
being carried out by the reorganized sub- 


* Prepared by The National Committee on Radiation 
Protection and Measurements. 

t National Bureau of Standards Handbook 61, Regula- 
tion of Radiation Exposure by Legislative Means. For sale by 
the Superintendent of Documents, Government Printing 
Office, Washington 25 D.C. 

+ Transmitted for the National Committee on Radi- 
ation Protection and Measurements by Lauriston S. 
Taytor, Chairman. 
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committee when the NCRP formally decided to 
withdraw from further activities or recommend- 
ations on methods of legislative and regulatory 
control of radiation. At the time when the 
NCRP made this decision, the reorganized Sub- 
committee No. 10 had already expended con- 
siderable effort on a revision of Appendix B of 
Handbook 61. This model regulatory code 
incorporates several improvements over the 
original form as published in Handbook 61. 
However, the revision had not reached the stage 
for final complete agreement by the Main 
Committee. Since it may be useful to others 
working on the formulation of regulatory codes, 
the NCRP is sponsoring the publication of this 
draft of the revision. Because of its decision to 
withdraw from the field, the NCRP does not 
make this in the form of an official recommend- 
ation. 

The reorganized subcommittee and its advis- 
ors included individuals associated with the AEC, 
U.S. Department of Labor, U.S. Public Health 
Service, and several State agencies, in addition 
to a number of lawyers, radiologists and health 
physicists, prominent in the field. The suggested 
regulations for radiation protection given below 
are the result of the work of this subcommittee 
and its advisors. 

It should be emphasized that while the 
members of this subcommittee as well as the 
Main Committee are drawn in part from 
various Federal and State agencies, this report is 
not to be construed as representing the official 
position of any of the agencies concerned. This 
report represents the views of the subcommittee 
at this particular stage of preparation with its 
members acting as individuals within their own 
areas of technical competence. 
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The subcommittee working on this report 
included the following individuals: 

Advisory Group 
W. H. EE.xs 
G. T. FRAMPTON 
L. M. HypEMAN 
M. KLEINFELD 
L. MANNING 
R. R. NEWELL 
F. A. NoRTON 
M. STEIN 
E. Date Trout 


Working Group 


W. A. McApams, 
Chairman 

P. HopGEs 

]. LrEBEN 

E. P. PENDERGRASS 

J. A. REYNOLDs 

is Roa! RS 

L. S. TAyYLorR 

J. G. TERRILL, JR. 


Appendix A of Handbook 61 dealt with a 
Suggested State Radiation Protection Act. The 
committee believes that this phase of the pro- 
tection problem is being adequately handled by 
other groups and individuals, and withdraws 
Appendix A from its current recommendations. 

With the release of this document, the NCRP 
declares void its recommendations contained in 
Appendix A and Appendix B of Handbook 61 
entitled ‘““Regulation of Radiation Exposure by 
Legislative Means’’. 

1. PURPOSE 

These regulations state the requirements that 
shall be applied to sources of radiation to 
reduce, to an acceptable level, the risk that any 
person will be injured by radiation, and that 
shall be used to evaluate or control personnel 
exposure to radiation. 

2. SCOPE AND APPLICATION 

These regulations shall apply to the manu- 
facture, use, storage, handling, transportation 
and disposal of all radiation machines and 
radioactive materials except as exempted by the 
provisions of Section 4. Nothing in these 
regulations shall be construed to limit the kind 
or amount of radiation that may be intentionally 
applied to a patient for diagnostic or thera- 
peutic purposes by, or under the direction of, a 
licensed physician or dentist.* 

3. DEFINITIONS 

For the purposes of these regulations the 
following definitions shall apply: 

* Alternative wording : licensed practitioners of 
the healing arts whose license privileges include the use 
of radiation sources.” 


Absorbed dose of any ionizing radiation is the 
energy imparted to matter by ionizing particles 
per unit mass of irradiated material at the place 
of interest. The unit of absorbed dose is the rad. 


Agency is that governmental agency that is 
given the responsibility for administering these 
regulations. 


Controlled area is a defined area in which the 
occupational exposure of personnel to radiation 
or to radioactive material is under the super- 
vision of an individual in charge of radiation 
protection. (This implies that a _ controlled 
area is one that requires control of access, 
occupancy, and working conditions for radia- 
tion protection purposes.) The boundaries of a 
controlled area shall be determined with the 
advice of a Health Physicist. 


Dose, as used in these regulations, means 
RBE dose. (See definitions of RBE and rem.) 


Dose rate is the dose per unit time. 


Health physicist is a person fitted by training 
and experience to perform radiation surveys 
and to oversee radiation monitoring. (If the 
ability of a Health Physicist is questioned, the 
Agency shall be the judge of his professional 
qualifications. ) 


Installation is a place containing more than 
one source of radiation. 


Maximum permissible dose (MPD) is the dose of 
radiation that, in the light of present knowledge, 
is not expected to cause appreciable bodily 
injury to a person at any time during his life- 
time. Appreciable bodily injury means any 
bodily injury or effect that competent medical 
authorities would regard as being deleterious 
to the health and well being of the individual. 


Monitoring is the determination of the amount 
of radiation or radioactive material present in 
any location or of the dose received by a person. 


Personnel monitoring is the determination of the 
radiation dose received by the person, during a 
specified period, by film badges, small ionization 
chambers, or other dosimeters. 
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rad is the unit of absorbed dose. It is 100 


ergs per gram. 


Radiation, as used in these regulations, is 
y-rays and X-rays, a- and f-particles, high- 
speed electrons, neutrons, protons, and other 
nuclear particles; but not sound nor radio 
waves, nor visible, infrared, or ultraviolet light. 


Radiation machine is any device that produces 
radiation when in operation. 


Radioactive material is any material, solid, 
liquid, or gas, that emitsradiationspontaneously. 


Relative biological effectiveness (RBE) is a numeri- 
cal factor which is used to compare the effective- 
ness of absorbed dose of radiation delivered in 
different ways. The standard of comparison is 
X- or y-radiation having a linear energy transfer 
in water of 3 keV/u. A list of RBE values for 
various kinds of radiation is given in Section 14, 


Table 1. 


rem is the unit of RBE dose and is equal to the 
dose in rads multiplied by the appropriate RBE. 


Source of radiation is a radiation machine or a 
quantity of radioactive material. A sealed source 
is a quantity of radioactive material enclosed to 
prevent the escape of any radioactive material. 


Survey is a critical evaluation of the hazards 
and the risk of injury from a source of radiation. 


User is a person or organization having ad- 
ministrative control over one or more source of 
radiation. 

4. EXEMPTIONS 


The following materials, machines and con- 
ditions are exempt from these regulations: 


(a) Radioactive materials of an equivalent 
specific radioactivity not exceeding that of 
natural potassium (10~® c/g of potassium). 


Quantities of radioactive materials not 
exceeding the amounts specified in Section 
14, ‘Table 2, provided that the user does not 
possess more than 10 such quantities, and 
also provided that the dose rate to the 
whole body at the point of nearest approach 
to such sources does not exceed 0.5 rem/year. 
The manufacture of sealed sources shall not 
be exempt. 


(c) Radioactive material in combination with 
non-radioactive material in concentrations 
not exceeding the numerical values of 
Table 3, Column 2, expressed in yc/g, for 
solids and liquids, and the numerical values 
of Table 3, Column 3, expressed in yuc/ml, 
for gases. (For example, 2 x 10~° we of 
antimony-124 per g of gasoline.) 


Domestic television receivers, provided that 
the dose rate at 5 cm from any outer surface 
is less than 0.5 mrem/hr. 


Other electrical equipment that produces 
radiation incidental to its operation for other 
purposes, provided that the dose rate to the 
whole body at the point of nearest approach 
to such equipment when any external shield- 
ing is removed does not exceed 0.5 rem/year. 
The production testing or factory servicing 
of such equipment shall not be exempt. 


Radiation machines which cannot be used 
in such manner as to produce radiation 
(for example, X-ray machines in transport 
or electrical equipment in storage). 


Radioactive material being transported 
across a state in conformance with regula- 
tions of any Federal agency having juris- 


diction over safety in interstate transport. 


Other sources of radiation that the Agency 
finds should be exempted. 
5. REGISTRATION 

The user shall register each source of 
radiation with the Agency within 30 days 
after receipt of the source, and once every 
2 years thereafter as long as he continues to 
possess the source. When the user possesses 
more than one source, he may register his 
installation, instead of the several sources. 
The registration shall be submitted on a 
form provided by the Agency, and shall 
describe each source, its location and use, 
and the waste disposal practices, if any. 
The registration shall also give the name and 
address of the user, and the name, address 
and qualifications of the Health Physicist. 


The user shall notify the Agency in writing 
within 30 days of any changes with respect 
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to his radiation sources which may sub- 
stantially increase the potential for person- 
nel exposure. 


Acknowledgment of registration shall not 


imply the Agency’s approval of the condi- 


tions described in the registration. 


6. MAXIMUM PERMISSIBLE 
EXPOSURE LIMITS 

The user shall control all sources of radiation 
in such a way as to provide reasonable assurance 
that no person will receive a dose of radiation 
in excess of any maximum permissible exposure 
limit specified in paragraphs (a) through (d) 
below. 


a) *External exposure—Occupational 


(1) Except as provided in part (2) below of this 

section, the maximum permissible dose 

MPD) for persons within a controlled area 
shall be as listed in the following table: 


A (B 
Maximum dose Maximum dose 
permitted in 


Part of body yermitted in 
' | 


any calendar | any calendar 
year quarter 


Whole body, head 5) rems 3 rems 
and trunk, major 

portion of the bone 

marrow, gonads, or 

lens of eye. 

10 rems 


Skin of large body 30 rems 


area. 
Hands and fore- 
arms, feet and 


ankles. 


2) A dose to the whole body, head and trunk, 
etc., in addition to that listed in the table 
of part (1) above shall be permitted for a 

calendar year provided that: 


i) During any calendar quarter, the maxi- 
mum dose of 3 rems, listed in column 
(B) of the table in part (1) above, is not 
exceeded, and 


(ii) The user has determined the individu- 
al’s previously accumulated occupa- 
tional dose, and 


i) Ihhe dose when added to the previously 
accumulated occupational dose, does 
not exceed the maximum permissible 
accumulated dose (MPAD) calculated 
according to the formula: MPAD = 
5(N — 18) rems, where JN is the indi- 
vidual’s age in full years beyond age 18. 


b) Internal exposure—Occupational 


For persons within a controlled area the 
radiation dose to the tissues of the body from 
radioactive materials within the body shall be 
controlled by limiting the average rates at 
which such materials are taken into the body. 
Where this intake results from breathing con- 
taminated air, the concentration of the radio- 
nuclides in the air, averaged over any calendar 
quarter, shall not exceed the concentrations 
listed in Section 14, Table 3, Column 1. The 
values in this table are for a work week of 40 hr. 
For longer work weeks the values must be 
adjusted downward accordingly. Where 
this intake results from the occurrence of radio- 
active material in drinking water and food- 


stuffs, the permissible concentrations shall be 


* The following alternative to paragraph (a) may be 
used if desired: 


(a) External exposure—Occupational 


For persons within a controlled area, 


(1) The maximum permissible dose (MPD) to the 
whole body, head and trunk, major portion of the 
bone marrow, gonads, or lens of the eyes, accumu- 
lated at any age shall be 5 rems multiplied by the 
number of years beyond 18 [i.e. MPD = 5 (N — 
18) rems, where JN is the age in full years and is 
greater than 18]; and the dose in any period of 13 
consecutive weeks shall not exceed 3 rems. 

The maximum permissible dose to the skin of the 
whole body, accumulated at any age, shall be 
30 rems/year; and the dose in any period of 13 
consecutive weeks shall not exceed 10 rems. 

The maximum permissible dose to the hands and 
forearms, and the feet and ankles shall be 75 
rems/year; and the dose in any 13 consecutive 
weeks shall not exceed 25 rems. 


SUGGESTED RADIATION PROTECTION REGULATIONS 5 


the same as in paragraph (d) below on “Internal 


exposure—-Non-occupational”’.+ 


(c) External exposure— Non-occupational 


For persons outside a controlled area, the 
maximum permissible dose to the whole body, 
due to sources within the controlled area or to 
radioactive materials escaping the controlled 
area, shall be 0.5 rem in any year. In meeting 
this requirement, the user may take reasonable 
advantage of operational factors such as the 
amount of time that the radiation is present or 
that the area is occupied by any person. 


(d) Internal exposure 

For persons outside a controlled area, the 
radiation dose to tissues of the body from 
radioactive materials within the body shall be 
controlled by limiting the average rates at 
which such materials are taken into the body. 


-Non-occupational 


Where this intake results from the occurrence of 


radioactive materials in the air, drinking water, 
or foodstuffs, the average concentrations of the 
radionuclides in the air, or drinking water, or 
foodstuffs, averaged over any calendar quarter, 
shall not exceed the concentrations listed in 
Section 14, Table 3, Columns 2 and 3. 


(e) Concurrent exposure 

When external exposure and internal exposure 
are concurrent the limits indicated above should 
be reduced appropriately. If external exposure 
occurs at a per cent and internal exposure 
occurs at 6 per cent of their respective separate 
limits, then the combined exposure is considered 
acceptable if a + 6 does not exceed 100. The 
same principle applies if there is concurrent 
exposure to several radionuclides with or with- 
out concurrent external exposure. 


7. SURVEYS AND MONITORING 


(a) The user shall provide for surveys and 
monitoring sufficient to assure compliance 
with other sections of these regulations. 


+ It should be noted that the occupational MPC values 
given here for water and food are 1/10 those recom- 
mended by the NCRP in Handbook 69. Since, in most 
situations, the water and food supply used by occupational 
workers is also available to other people, it may be reason- 
able in these cases to use a single set of values for concen- 
tration limits in food and water. 


Such surveys and monitoring shall be per- 
formed by a Health Physicist or under his 
direction. 


The user shall provide for the routine 
personnel monitoring for external exposure 
of all persons within a controlled area. 
However, on the advice of a Health 
Physicist, he may discontinue such person- 
nel monitoring if: 
(1) The dose rates at which any person is 
exposed are predictable, and 
) The dose to all exposed persons is 
determined by some other reliable 
means, and 


There is reasonable assurance that an 
accident causing exposure in excess of 
the exposure limits specified in Section 
6(a) will not occur. 


8. RADIATION EXPOSURE RECORDS 
AND REPORTS 


(a) The user shall keep individual exposure 


records for all persons entering a controlled 

area. 

1) The user shall preserve these records 
as long as the employee remains in 
his employment. When an employee 
terminates, the user shall send a copy 
of all the employee’s exposure records 
to the Agency and shall provide the 
Agency and the employee with a 
summary of the records for each calen- 
dar year of employment. ‘These records 
shall include the employee’s Social 
Security number. 

When the individual entering a con- 
trolled area is not an employee of the 
user, the records obtained shall be 
preserved and reported according to 
procedures established by the Agency. 


The user shall keep records showing the 
levels of radiation outside of the controlled 
areas to which persons are, or may be, 
exposed as a result of sources under his 
control. 

The shall 


any circumstances wherein any individual 


user record the details of 
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receives an exposure as a result of sources 
under his control, in excess of the applicable 
limits specified in Section 6. 

The user shall keep records showing the 
date, the amount, and kind of radioactive 
materials received by, or transported out of, 
a controlled area. He shall also keep 
records on the release of radioactive materi- 
als to the environs sufficient to demonstrate 
compliance with other sections of these 
regulations. 

All the records referred to in paragraphs (a) 
through (d) shall be made available to the 
Agency on request. 

When it is known or believed that any 
person may have received an _ external 
exposure in excess of the maximum per- 
missible limits specified by the applicable 
portions of Section 6 or that any person 
may have been exposed to a concentration 
of radioactive material in air or water 
which, when averaged over a calendar 
quarter, was in excess of the limits specified 
in the applicable portions of Section 6, the 
user shall report to the Agency, within 7 
days of the discovery, all of the facts 
relevant to the incident. 

Except as provided in Section 13 (b) (1), 
the user shall report to the Agency, within 
24 hr, any release of radioactive material to 
the environs in a concentration, which, 
when averaged over a period of 24 hr, ex- 
ceeds 500 times the permissible concentration 
listed in Column 2 or 3 of Table 3, or in total 
quantity released in any 24-hr period exceed- 
ing 1000 times the amount listed in Column 
1 of Table 2. 


The loss or theft of any source of radiation 
shall be reported to the Agency within 
24 hr after such loss or theft is discovered. 


9. CONTROL OF EXPOSURE 
‘The user shall provide for the services of a 
Health Physicist and with his advice shall 
establish operating rules and procedures 
which will provide reasonable assurance 
that the other provisions of these regulations 
will be carried out. 


(b) To meet the other provisions of these regu- 


lations the user shall provide, or have 
readily available, instruments adequate for 
the detection and measurement of radiation 
and radioactive material; and he shall 
further see that these instruments are main- 
tained in proper calibration. 


Every employee and authorized visitor 
shall use such radiation safety devices as 
are furnished for his protection and shall 
carry out all radiation safety rules that 
concern or affect his conduct. 


10. STORAGE OF RADIOACTIVE 

MATERIALS 
The user shall see that radioactive materials 
are kept in a manner that will provide 
reasonable assurance that, during routine 
access to a controlled area, no person will 
be exposed in excess of the limits set forth 
in Section 6. The user shall also take 
precautions to minimize exposure of per- 
sonnel in the event of fire, earthquake, 
flood, windstorm, explosion or other emer- 
gency. 


The user shall see that vaults or rooms used 
for storing materials that may emit radio- 
active gases are ventilated in such a manner 
that the concentration of the gases in the 
air does not exceed the levels specified in 
the appropriate portions of Section 6. 


When there is a reasonable possibility that 
chemical, radiation, or other action might 
lead to leakage of radioactive material 
from a container, the user shall provide a 


secondary tray or catchment to the con- 
tainer adequate to retain the entire amount 
of radioactive material. 


11. CONTROL OF RADIOACTIVE 

CONTAMINATION 
The user shall see that all work with radio- 
active materials is carried out under con- 
ditions which will minimize the possibility 
of spread of radioactive material that could 
result in the exposure of any person above 
any limit specified in Section 6 of these 
regulations. 
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Where the nature of the work is such that 
a person or his clothing may become con- 
taminated with radioactive material, both 
shall be monitored according to procedures 
established by the Health Physicist. Per- 
sonal contamination shall be removed 
according to procedures established by the 
Health Physicist. 


Clothing or other material contaminated 
to a degree which could result in the ex- 
posure of any person above any limit 
specified in Section 6 should be retained 
inside the installation until it can be 
decontaminated or disposed of according to 
procedures established by the Health Physi- 
cist. 


12. RADIATION LABELING 


The user shall indicate the presence of 


radiation by posting conspicuous signs or 
labels which bear appropriate wording (such 
as “‘caution—X-ray”’, ““danger—radiation”’, 
*‘caution—radioactive material’’) to explain 
the nature of the hazard. 


All such radiation warning signs and labels 
shall bear the standard symbol. This sym- 
bol is shown below: 


_ Purple 
(magenta) 


) The standard color specifications for these 
radiation warning signs and labels shall be a 
background of yellow with the distinctive 
symbol in purple (magenta). 


(d) The use of this symbol for any other purpose 


is expressly prohibited. The symbol and 
the lettering used with it shall be as large 
as practical, consistent with size of the 
equipment or material. The lettering shall 
not be superimposed on the symbol. 


The user shall put such signs or labels on 
radiation machines and on all containers, 
source holders, manufactured products or 
other items containing a quantity of radio- 
active material greater than the amounts 
listed in Section 14, Table 2. The user is 
not required to label laboratory containers, 
such as beakers, flasks, and_ test-tubes, 
used transiently under operating rules 
established under Section 9(a). 


The user shall use such signs or labels to 
designate each controlled area. In addition 
to posting signs and labels, the user shall 
fence off, barricade, or otherwise restrict 
entrance to each controlled area that is 
readily accessible, but not normally occu- 


pied. 


The user shall remove all signs and labels 
bearing the radiation symbol when the 
hazard is no longer present. 


13. DISPOSAL OF RADIOACTIVE 
WASTES 

No user shall release radioactive material 
into the air or water in such a manner to 
cause exposure of any person above the 
limits specified in Section 6. If several 
users are discharging radioactive waste to 
the same environs, they shall, upon being 
notified of the fact, co-operate in limiting the 
release and shall file with the Agency a 
statement of their agreed pro rata releases. 
If this is not done within a reasonable time, 
the Agency may assign quantity limits to 
them severally. 


For purposes of controlling the exposure of 
persons outside controlled areas each user 
shall control the release of radioactive 
material on the following basis: 


1) The average concentration of the radio- 
nuclide (or radionuclides) in air or 
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water at points of release from control 
of the user shall not exceed the limits 
specified in Section 6. However, with 
the approval of the Agency, the user 
may exceed these limits by taking advan- 
tage of the known environmental factors 
of occupancy, dilution, dispersion, etc., 


providing the average concentration of 
| g g 


the radionuclide (or radionuclides) in 


air at points where it is commonly used 


by humans or in water at points of 


supply (exclusive of treatment, if any) 
prior to use by humans shall not exceed 
these limits. 

(For any radionuclide where the effec- 
tive half-life in the body is less than 60 
days, the term “‘average”’ as used above 
shall mean the arithmetic mean of a 
series of determinations representative 
of plant operations and environmental 
conditions over any period of 13 con- 
for other radionuclides 
taken 


secutive weeks; 


this arithmetic mean shall be 


over a period of any 12 consecutive 
months. ) 


) The total quantity of the radionuclide 
(or radionuclides) released in a period 
of any 24 consecutive hours, shall not 
exceed 100 times the quantities listed in 
Section 14, Table 2, Column |, unless 
approval for the release of larger 
quantities is obtained from the Agency 
in advance. 

c) A user may dispose of radioactive waste by 
dumping or burial only in areas and by 
procedures approved by the Agency or by 
other agencies having jurisdiction over 
such matters. 


Nothing in these regulations shall be con- 
strued as permitting release of materials 
that would be unlawful for other reasons. 


14. REFERENCE TABLES 
The following tables are referred to in 
previous sections of these regulations: 


Table 1. RBE values* 


Radiation 


X-rays and y-rays, of all energies, 
and electrons and f-rays above 


0.03 MeV 


Fast neutrons and protons up to 10 


MeV 
a-Particles 


Heavy recoil nuclei 


* The RBE values in this table are convenient approxi- 
mations to relate dose in rads to dose in rems. The 
values will vary greatly with the biological effect being 
considered, the acuteness of the exposure and many other 
factors. The Health these 
factors for each situation, and should adjust the values 


Physicist should evaluate 


accordingly. 
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Table 2. Exempt quantities of radioisotopes 


Column | | Column 2 
Unsealed | Sealed 
sources sources 
(uc) (uc) 


10 100 
10 100 
Platinum 191 10 100 
193 10 100 
Plutonium 239 0. ] 
Polonium 210 ’ l 
Potassium 42 100 
Praseodymium 143 100 
Promethium 147 100 
Radium 226 , l 
Rhenium 183 100 
186 100 
Rhodium 105 100 
Rubidium 86 100 
Ruthenium 103 100 
Ruthenium-rhodium 106 10 
Samarium 151 10 
153 100 
Scandium 46 100 
47 100 
48 100 
Silver 105 100 
110 100 
111 100 
Sodium 22 100 
24 100 
Strontium 89 10 
Strontium—yttrium 90 1.0 
Sulfur 35 100 
Tantalum 182 100 
Technetium 96 10 
99 10 
100 
100 
100 
1000 
100 
100 
1000 


Column 1 | Column 2 
Unsealed Sealed 
sources sources 
(uc) 
Palladium-rhodium 103 
Phosphorus 32 


Actinium 227 L l 
Americium 241 ’ ] 
Antimony 124 10 
Arsenic 73 100 
74 100 

76 100 

77 100 
Astatine 211 , ] 
Barium—lanthanum 140 10 
Beryllium 7 1000 
Bromine 82 100 
Cadmium-silver 109 100 
Calcium 45 10 
Carbon 14 1000 10,000 
Cerium-—praseodymium 144 ] 10 
Cesium—barium 137 10 100 
Chlorine 36 10 100 
Chromium 51 100 1000 
Cobalt 58 10 100 
60 10 100 
Copper 64 10 100 
Curium 242 0. l 
Europium 154 l 10 
Fluorine 18 100 1000 
Gallium 72 10 100 
Germanium 71 100 1000 
Gold 196 10 100 
198 10 100 

199 10 100 
Holmium 166 10 100 
Hydrogen (tritium) 3 1000 10,000 
Indium 114 ] 10 
Iodine 131 ] 10 
132 10 100 
Iridium 190 10 100 
192 10 100 

Iron 55 10 100 
59 l 10 


10 


Tellurium 127 
129 
Thallium 200 
201 
202 
204 


Krypton 85 
Lanthanum 140 
Lead 203 
210 
Lutecium 177 
Manganese 52 
54 
56 
Molybdenum 99 
Nickel 59 
63 
Niobium 95 


+ dtrs 


Palladium silver 109 


1000 
10 
10 
0. 
10 
10 
10 
10 
10 
10 
10 
10 
10 


' 


10,000 
100 
100 

l 
100 
100 
100 
100 
100 
100 
100 
100 
100 


Thorium nat. 
Thorium 
protoactinium 234 

Thulium-ytterbium 170 
Tin 113 
Tungsten 181 

185 
Uranium 233 

natural 
Vanadium 48 
Yttrium 9] 
Zinc 65 


| Zirconium—niobium 95 


10 
l 10 
10 100 
10 100 
10 100 
0. l 
1000 | 10,000 
10 
l 
10 
10 
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Table 3. Concentrations in water and air above natural background 
tolumn Column Column 3 


Isotope* Air Water Air 
ue/ml (uc/ml uc/ml 


Element 


\tomic number 
10-1}: < 19-14 
10 : ‘ 10-18 
10-* : 3 x 10-9 
10 s ) 1Q—10 
10 10-13 
10 10-12 
10 10-13 
10 10-12 
10-7 10-9 
10-7 10-9 
10-7 10-9 
10 19-10 
10-* 10-8 
10~* 9 x 1Q—10 
10- . < 10-4 
10 — <x 10-8 
10-6 <x 10-8 
10-4 10-8 
10 10-8 
10 10-9 
10 10-9 
i 10-9 
10 10-8 
10-7 10-8 
10-5 19-10 
10 10-9 
10 10-8 
10 10-8 
10-* < 10-9 
10 ¢ 10-9 
10 19-4 
10-? 10-9 
10 10-7 
10 10-8 
10-7 10-9 
10-7 10-9 
10-7 10-9 
10 10-10 
10- 10-10 
10-* 10-10 
10 10-9 
10~* 10-9 
10 10-8 
10-4 10-9 
10- 10-9 
10 10-9 

< 10 10-9 

x 10 10-9 


Actinium 


ar 
oy 


\mericium 
O5 


Oke hh 


Antimony 


51) 


“AANA DNAPNANPDH Nes 
NNR ht = 


mm NO ND GO OO 


i. tit 2 
OO OS UI 


Argont+ 
18 
\rsenic 


»9 
Io 


CO + NS ho 


Astatine 
85 
Barium Ba 131 


56 


Pe ON Oe Se 


3a 140 


TN ONNNNOANNUUUD 


coma) 
- 


Berkelium Bk 249 
(97 
Beryllium Be 7 
t) 
Bismuth Bi 206 
83 


— 
ao 


> — NO dO 


-~ 


Bi 207 


Bi 210 


Bi 212 


ICON how 


Bromine Br 82 
(35) 

Cadmium Cd 109 
(48) 


A 
a > ~ 


Cd 115m 


S 
I 
S 
[ 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
Ss 
I 
S 
I 
S 
I 
S 
I 
S 
I 


WWNHNH Ph opp DA Dp 


_— — OF ND 


* Soluble (S); insoluble (1); submersion in a cloud of gaseous material (Sub), 
t Noble gas—values given for submersion in an infinite cloud. 
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Table 3—(contd.) 
Column Column 2 | Column 3 


Isotope* Air Water | Air 
‘pec/m) (uc/ml (uc/ml) 


Element 
Atomic number 


10-7 3 10-° < 10- 
10-7 - 10-4 10 
10 10-6 x 10- 
10 2 10 ‘ 10-* 
10-* 10-4 > x 10-% 
10-* 10-4 ) 10-* 
10 10 10 
10 10-4 10 
10 10- 10 
10 10-4 10 
10 10 10 
10 10-6 10 
10-6 < 10 10-* 
10-° —— 10 
10 C 10° 10 
10--* . 10-6 10-5 
10 é 10-4 10-* 
10 . 10-4 10-$ 
10- 10-6 10 
10-* 10-4 10 
10° y 10-* 10~* 
10-6 ¢ 10 10-7 
10-° ) 10- 10 
10-6 10-* 10-* 
10 10 10-° 
10 10-4 10 
10 10 10 
10 10 10 
10 10-° 10 
10-7 ) 10-5 10-$ 
10 ; 10° 10 
10 10-* 10 
10-7 10-4 10~* 
10 ; 10° 10 
10-6 ‘ 10 1078 
10-6 ‘ 10 10 
10-5 : 10-3 10-7 
10-6 10-* 8 10- 
10-6 5 10 10-7 
10-7 10 10-* 
10-° } 10° 107% 
10-6 10-3 } 10~* 
10-7 10 ; 10- 
10-* 10-* 107 
10-7 10° 10 
10 3 10-6 5} 10 
10-6 10 10- 
10-6 10 : 10 
10 ; 10-4 10 
. 10 3x 10° » x 10° * 


Cd 115 


wo NO ho 


Calcium Ca 45 
(20) 
Ca 47 


NN 


moo 


Californium Cf 249 
98 


om Clem bo 
Nooo 


“JI sI GO = bo 


Carbon 
(6 

Cerium 
(58) 


— m— me KD OO 


= 
= 
= 
— 
N » GH & OO 
OS UI ho 


>= NO OO 
“I 


Cesium 
(55 


Nee NOOO ee DS OO 


is va ~) x @ 
> = Oo 


x 


t 


Chlorine 


(17 


Chromium 
(24) 
Cobalt 


(27 


NO GO NO DO GO ho 


ho 


58m 


~~ 
WO © 


Co 58 


Co 60 


Ooo ol 


Copper Cu 64 
(29 

Curium Cm 242 
(96) 


S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I l 
S 4 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
Ss 
I 
S 
I 
S 
I 


N— & ho 
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Table 3—(contd.) 


Column | Column 2? Column 3 
Isotope* Air Water Air 
uc/ml (uc/ml uuc/ml) 


Element 


(Atomic number 


10 
10-9 
10 
10-° 
10 
10-° 
10 
10-9 
10 
10 
10-4 
10-° 
10-° 


10 
10 
10 
10 
10 

© 10 

< 10 
10 
10 
10 
10-7 
10~* 
10-* 
10~% 10—* 
10-7 10 
10-7 10 
10-7 ) 10-° 
10-7 > x 10-4 
10 10-° 
10 <x 10-5 
10— ; 10-4 
10-* F 10-4 
10~* : 10 
10- : 10 
10-6 10 
10-6 : 10 
10 7 10 
10- ; 10 
10~-* 10-4 
10 x 10-5 
10-* 10-4 
10-* 10-° 
10-8 10-* 
10 10° 
10 10 
10-7 10 
10-7 10-° 
10-* 1Q-° 
10 10 
10-7 10 
10- 10° 
10O~* 10-4 
10 10-6 
10 10-4 
10 10- 
10> we 
10-6 10° 
10-6 id-* 
10 2x 10° 
10 2 x 10-5 


Cm 243 


oo NO 


Cm 244 


| 
Hm CO s7 Nw 


Cm 245 


Cm 246 


Hm DO Be DO CO LO 


Dysprosium Dy 165 
66 


NO CO mm ¢ 
> - COP OO 


~] ¢ 


Dy 166 


> NO bo 


~ 
L 


Erbium Er 169 


68 


Coe 


7 


Er 17] 


i ie 


~~ Co 


Europium Eu 152 
63 rv /2 9.2 hi 
Eu 152 


) 


, me — DON bo SI OC 


13 yr 


Eu 154 


“SI # DO — GO 


Eu 155 


Fluorine 18 
9 


Noo os ¢ 


Gadolinium Gd 153 
(64 


Gd 159 
Gallium Ga 72 
31) 
Germanium Ge 71 
32 
Gold Au 196 


79 


/ 


NN hh Sp 
an 
oP 


Au 198 


NO Oo 
Nm our — ho 


\u 199 


ae 


Hafnium Hf 18 
(72 

Holmium Ho 166 
67 

Hydrogen H 3 
(1 

Indium In 113m 
$9 


IO — OP OK NO RDO 


ww Go SI SI hO 
as 


S 
I 
S 
I 
S 
I 
S 
I 
Sy 
I 
S 
[ 
S 
I 
Ss 
I 
S 
I 
S 
I 
S 
I 
S 9 
I 
S 
[ 
S 
I 
S 
I 
Ss 
I 
S 
I 
S 
I 
Ss 
I 
S 
I 
S 
I 
Ss 
I 
S 


NouUNN~N > 
Fe) 


on 
CO 


In 114m 


“SI & Dh GO - PO 


Noes 
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Column | Column 2 
Isotope* Air Water 
(uc/ml (uc/ml) 


Element 
(Atomic number 


10-6 : 

10-6 ~ | > x 10-8 
10-7 9 > : 9 x 10-9 
10-8 < 10-9 
10 9 1Q-10 
x 10-8 
19-1 
<x 10-9 
x 10-10 
x 10-8 
x 10-? 


In 115m 
In 115 
Iodine I 126 


(53 
I 129 


NI NS Go 0 GO NO NO NO 


»N Nh > « 


No Go 
mn 


ir 
ve 


I 134 


— 
1) 


NO OO OO BDO ND ~I DO ) 


4.135 


Iridium Ir 190 


(77 


— th 5] NOD 
ee he he DS 0 Oe WN Oe oe 
. > eh 2 Be BO i a 


Ir 192 


Ir 194 


Fe 55 


S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 


~ 
Qo 


Fe 59 


Cw — OND NM OO — ph = BB = OO Od oO 


w 


I 
Krypton+ Kr 85m Sub 
(36 Kr 85 Sub 
Kr 87 Sub 
Lanthanum La 140 S 
(57 
Lead Pb 203 
(82 


— 


CNUO PP ENUANNNEN WEN EEO 


190-10 
10-10 


Pb 210 
Pb 212 
Lutecium Lu 177 


S 

I 

S 

I 

S 

I 

S 

71 I 
Manganese Mn 52 S 
I 

S 

I 

S 

I 

S 

I 


OOO = hhh — & BND PO 


(25 


Mn 54 


— 
a 


Mn 56 


Mercury Hg 197m 
(80 


CON WERK UINNIAOHAC HUN =D Uo in 
¥¢ % ~ - . * - . x Y . ~ x % - w - Y > ™ ~ > x YS & 


a a os) 
NONE ee 
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Table 3—(contd.) 


cia Column | Column 2 Column 3 
At “2 _ Isotope* Air Water Air 
Atomic number 7 , 

uc/ml (uc/ml uc/ml 

10-5 
10-8 
10-9 
10-9 
10-8 
10-® 
10-12 
197 
10-8 
10-9 
10-8 
10-8 
10 13 
10-12 
10-8 
10-8 
10-8 
10-8 
10-9 
10-8 
10-8 
10-8 
10-9 
10-9 
10-8 
10 10-9 
10 x 10-7 
10 10-7 
10-5 ) 10-8 
10-6 10-9 
10-* 10-7 
10-* 10-7 
10 10-8 
10 10-8 
10-4 10-8 
10-6 10-9 
10 10-8 
10 10-8 
10-4 10-8 
10-5 10-8 
10-5 10-9 
10-4 10-9 
10 10-8 
10 10-8 
10- 10-7 
10-* 10-7 
10 10-8 
10-8 10-8 


x 10-6 
10-6 
10-8 
10-7 

< 10 

© 10 

10 

10 

10-7 

10-7 

10 

10-6 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10-7 

10 

10 

10-4 

10-$ 

10-° 

10 

10 

10-7 

10-% 

10-7 

10-6 

10-7 

10-7 

10-4 

10 

10~* 

10-7 

10-4 

10 

10 

10-6 

10-7 


| 


< 10 
10 
10-5 
10 
10 
10-° 
10-5 
10-5 
10-4 
10-4 
< 10-4 
< 10 
10 
10-6 
10 
10 
10 
10— 
10-5 
10~* 
10 
10“ 
10 
10 
10 


Hg 197 


CO + 


Hg 203 


Molybdenum Mo 99 
(42 

Neodymium Nd 144 
60 
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oo) 


CO 


Nd 147 
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ND 


Nd 149 


Neptunium 
93 


— f= NO 
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i) 


Nickel 


28 


m DO Go 


Niobium Nb 93m 
Columbium 


41 Nb 95 


i ee a ee ee: -) 
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Table 3—(contd.) 
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Table 3—(contd. 


on Column l Column 2 Column 3 
Atomic number Isotope ® Air Water Air 
(uc/ml (uc/m] (uc/ml) 

~ 10-5 
10-5 
10-6 
10-5 
10-6 
x 10-5 
<x 10-4 
x 10-4 
<x 10-6 
10-5 

- 10-5 
< 10-5 
x 10-6 
10-5 


Thorium Th 227 
90 


Th 2: 


an ¢ 
YL 


m Om NS CO RP BR DD OOO = ND em ee , 


Th 


Th 2 


Th: 


Th 2 


KNPNPUWON WH 


os 
- 


OOP CWO RN — CO PR we Be Be oO 


Th natural 


Thulium Tm 170 
(69) 
Tm 171 


TOO Oe me ND NO BE NON NO OO NS = 4 NO NO 


om 


Sn 113 


Sn 125 


~ 
CO 


Tungsten W 181 
Wolfram) 
(74 W 185 


m NO 


~~ 
OS 


~ 


W 187 


Uranium U 230 
(92) 
U 232 


OI GO me OO OO oe 


Ss 
o-— 


— sO Ole 
NP PWOWWWWWWWWWUU Ds ew RN N 


U natural 


— 
on 


Vanadium V 48 
(23) 
Xenon Xe 131m 
(54) Xe 133 
Xe 135 


S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 
S 
I 


No 
Go OW ho 


—OPPNODNOUWOARNHHNH PH LRH OO h — = DP 


> — bo 


SUGGESTED RADIATION PROTECTION REGULATIONS 
Table 3—(contd.) 
Column | Column 2 Column : 


Isotope* Air Water Air 
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Abstract 


It has been shown that a commercially available halogen type Geiger—Miieller 


counter when properly shielded with Sn and Pb provides a very practical and satisfactory 
device for measuring the dose due to y-radiation in the presence of neutrons. The device 
measures the dose in roentgens with nearly uniform response for effective X-ray energies above 
about 200 keV and up to at least 1.25 MeV y-energies. Calculations show that the fast neutron 
response is less than 0.15 per cent, and experiments indicate that it is less than 0.5 per cent. 


Experiments show that about 5 


10° thermal neutrons per cm? give a response equivalent to 


| r of y-radiation. When necessary, the thermal neutron response can be decreased by a factor 
of 300 by using a Li shield described in the text. 


I. INTRODUCTION 


In MANY problems in radiation protection, radio- 
biology, physics and radiation shielding, it is 
desirable to measure the doses from coexistent 
neutron and y-radiation separately. Propor- 
tional can be used to measure the 
neutron fields.1,?) 
When ionization instruments such as the C-CO, 
chamber are used to measure the y-component 
of a mixed radiation field, the sensitivity of these 
lead to considerable 


counters 


dose in mixed radiation 


devices to neutrons can 
error when the neutron to y ratio is greater than 
1. For instance, when a C-CO, chamber is used 
in a radiation field composed of fast neutrons 
and y-rays of equal dose rates (measured in 
tissue rad hr~*), the fast neutrons will contribute 
approximately 10 per cent of the indicated dose. 
The neutron response in general varies with the 
energy of the neutrons and the characteristics 
of the particular instrument. Recently a single 
ion detector with a low neutron response has 
been developed by Auxter ¢é al.‘*) for measure- 
ments of y-dose in the presence of high neutron 
fields. However, it and other counting meth- 
ods‘) used for this purpose are more complex 

* Operated by Union Carbide Corporation for the 
U.S. Atomic Energy Commission. 


than the one described in this paper. In the 
present work we have shown that a small 
halogen type Geiger—Miieller counter can be 
arranged with suitable shields to provide an 
instrument that is (a) energy independent for 
X- or y-radiation above about 200 keV, (b) in- 
sensitive to fast neutrons, and (c) insensitive to 
thermal neutrons. 


2. y-RAY RESPONSE OF THE COUNTER 

The counter used is a Phillips no. 18509T 
micro G—M counter filled with neon, argon and 
a halogen quenching agent. The counter has a 
0.48 cm inside diameter, and a 1.6 cm effective 
length. The cathode is made of stainless steel, 
and has a wall thickness of 90 mg cm-*. As 
shown by Fig. 1, the unshielded counter has a 
high energy dependence for X-rays with an 
effective energy below 200 keV. The counter 
can be made to furnish readings of exposure 
dose in roentgens that are essentially indepen- 
dent of y-ray energies down to 150 keV by 
shielding it with 0.053 in. of tin plus 0.010 in. of 
lead on the sides, and 0.022 in. of tin plus 


+ Manufactured by N. V. Philips, Gloelampenfabrieken, 
Amsterdam, The Netherlands, and sold in the U.S.A. 
by Amperex Electronic Corporation, Hicksville, L.I., 
New York. 
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Fic. 1. Response of the unshielded counter as 
a function of y-ray energy. 


0.004 in. of lead on the end (Fig. 2). The 
relative angular response of the counter to a 
Cs!87 source is shown by Table |. A drawing 
of the probe unit showing the arrangement 
discussed above together with a Li shield, which 
will be discussed later, is shown in Fig. 3. 

The counter is capable of indicating y-dose 
0.1 mr hr-! to 300 r hr-!. The 


rates from 
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Fic. 2. Response of the shielded counter as a 
function of y-ray energy. (Shield consists of 
0.053 in. Sn and 0.010 in. Pb on sides and 
0.022 in. Sn and 0.004 in. Pb on ends.) 
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Fic. 3. Schematic diagram of probe unit, showing Li shield for thermal neutrons. 


response as a pulse device is essentially linear 
from 0.1 mr hr-! to 5 r hr! as shown by the 
curve in Fig. 4. As shown by Fig. 5 the response 
as a current device is approximately logarithmic 
from 2rhr~! to 100 rhr-!; above 150 r hr~! the 
curve begins to flatten. 


3. FAST NEUTRON RESPONSE 
OF THE COUNTER 


One expects that the response of the counter 
to fast neutrons would be less than the response 


of an ionization chamber having the same 
construction as the counter, for the same reasons 
as those given in the case of the single ionization 
detector.‘®) That is, the counts produced per 
unit of energy absorbed by heavy recoils is much 
less than the counts produced per unit of energy 
absorbed from y-radiation. Furthermore, it is 
well known that one tissue rad of neutrons will 
dissipate much less energy per gram in high 
atomic weight materials than will one tissue rad 
of y-radiation. Therefore, it is expected that the 
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Fic. 4. Count rate as a function of y-dose rate. 


Table 1. Relative angular response of G-M 
counter * 
Response determined with Cs!*7 source and 
with shielding around counter 


Angle , ‘ 
; ta Counts Relative 
(source in front ey 1 

: min~!/mr hr response 
of counter 


(mA) 


0 50. 0.96 

0.90 

1.00 
4! 54. 1.05 
60 ). 1.08 
75 . 1.03 
90 55. 1.06 


CURRENT 


25 50 100 200 300 
, ; DOSE RATE (rr hr” 
* Angle between the axis of the counter and the , 


drawn from source to center of counter. Current as a function of y-dose rate. 
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response of the counter for one rad of fast 
neutrons compared to its response to one rad of 
y-radiation will be quite small. Nevertheless it 
is desirable to estimate the relative response of 
the counter to fast neutrons, particularly since 
inelastic scattering, in the high atomic weight 
materials making up the y-energy correction 
shield, may contribute to the neutron response. 

The relative neutron response, R,,, will be 
defined as the ratio, 


number of counts produced by one 
tissue rad of fast neutrons 


number of counts produced by one 
tissue rad of y-radiation 


For convenience of calculation, R,, for a specified 
neutron energy can be expressed as 

, = ‘ TR?’ 

N,E,C, . {N,E,C, 


"NEC, * N,EC, (1) 


where 


N,, = number of neutrons cm~? equivalent 
to one tissue rad 


number of photons cm~? equivalent to 
one tissue rad 


the amount of energy absorbed per g 
of the gas filling for 1 neutron cm~? 
the amount of energy absorbed per g 
of the gas filling for | photon cm~? 


number of counts produced per rad of 
neutron absorption in the counter 


number of counts produced per rad of 
y-absory tion in the counter 


y-ray flux due to inelastic collisions of 
neutrons. In this expression the prime 
denotes quantities which arise from 
inelastic collisions 


In order to estimate E,, C,, E,’, C,’ and f 
appearing in equation (1), it is assumed that the 
counter is a spherical cavity whose diameter is 
1 cm and that the gas inside the cavity is neon 
at a pressure of 15 cm Hg. The counter shell is 
assumed to be a mixture of 900 mg cm~? tin and 
280 mg cm~* lead. This ignores the walls of the 
counter itself since the mass of the energy 
correction shield is much more than the mass of 
the counter wall. For estimating the quantities 


E,, and C,, 


cavity, is composed of neon. 


it is assumed that the shell, like the 
This procedure 


should lead to an overestimate of the neutron 
response since the energy transferred to neon 
is greater than the energy transferred to the shell 
materials. 

Neglecting pair production, the quantity E, 
may be evaluated from 


(Yo, Ni fe +71 Ni Soe) 


E,(MeV g-) 


(dE/dx) gas 
(dE/dx) shell 
where 


- number of atoms of type 7 in | g of the 
wall 


= Compton scattering cross-section per 
atom 


photoelectric cross-section per atom 


average energy transferred to an elec- 
tron undergoing Compton scattering 
- average energy transferred to an 
electron formed by the photo-electric 
process 
dE/dx = stopping power for electrons in the 
specified medium 


Following the procedure of Hursr e al.‘® and 
using the cross-sections in DAvisson and Evans‘? 
and dE/dx values from Ref. 8 it is found that 
E,, = 0.042 MeV g™ for a photon energy of 
1.0 MeV. 

The quantity E, for neon is evaluated at 
5 MeV* from the following: 


E,(MeV g~) = 5N,,0, 


where N,,, is the number of neon atoms per g, 
o, is the neutron scattering cross-section for 
neon, M = 20 for neon, and m= 1. Thus, 
E,, = 0.040 MeV g™, taking o, = 3 x 10-4 
cm?, 

The quantities C,, and C, are approximately 
equal to the reciprocal of the energy expended 
per traversal of recoil neon atoms and electrons, 
respectively; thus, C, = 2 MeV and C, = 
3000 MeV-!. 


n 


* The choice of this energy will be justified later. 
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For a thin spherical shell the additional 
y-flux averaged over the volume inside the shell 
is just 3/2 fN,, where f may now be interpreted 
as the fraction of neutrons producing y-radiation 
by inelastic collisions. To obtain an upper limit 
for f we use the total non-elastic cross-section for 
lead and tin"? to calculate the number of y-rays. 
Thus, 


> o,"* n, (4) 
t 


where o;”“ is the total non-elastic cross-section 
for atoms of type 7, and n, is the number of atoms 
of type i per cm*. Using o” = 2 barns for tin 
and o” = 3 barns for lead, f = 10~?. 

We will further assume that all the inelasti- 
cally produced y-rays are 1.0 MeV;* then 
E,’ = E,, and C,’ =C,. Thus, equation (1) 
reduces to 

N,E,C, . 3fN 
N,E,C, ‘ 2N 


n 


The ratio N,/N. 
Hurst et al.‘® using the tissue dose vs. energy 
curves for photons at 1.0 MeV and neutrons at 
5.0 MeV. Thus, NV,/N, = 0.03/0.28 = 0.11. 

The numerical values for the two terms in 
equation (5) are 0.07 x 107% and 1.5 x 107%, 
respectively. The recoil term is small compared 


is readily obtained from 


to the inelastic term, and an upper limit to the 
10-%. By 


(5), it is 


neutron response at 5 MeV is 1.5 
evaluating the second term in equation 
that the the 
response due to inelastic collisions in the y- 


seen contribution to neutron 
energy correction shield is a maximum at about 
5.0 MeV neutron energy. 

The assignment of a reasonably valid neutron 
response of the G—M counter by experimental 
methods is not possible at the present time due 
to the unavailability of a facility giving a 
radiation field with a sufficiently large neutron 
to y ratio. However, by an intercomparison of 
the G-—M counter with both the single ion 
detector and silver metaphosphate glass dosim- 
eters, using Godiva II neutrons, it is possible 
to set an upper limit. The neutron response of 
the G—M counter is not believed to be greater 


3 MeV 


neutrons, where experimental data on inelastic y-ray 


* This approximation is rather good for 


production in Sn is available.“ 


than the glass dosimeter which was found to have 
less than 1 per cent neutron response using 
monoenergetic neutrons (0.6 to 1.5 MeV) from 
the ORNL Van de Graaff generator.“ Recent 
studies in which the G—M counter was irradiated 
with monoenergetic neutrons in the energy 
range from 0.68 MeV to 4.2 MeV indicate that 
the response in this energy range is less than 
0.5 per cent. 


4. RESPONSE TO THERMAL NEUTRONS 


The response of the counter to thermal 
neutrons was determined experimentally, mak- 
ing use of the water thermal column at the 
ORNL Graphite Reactor. This was accom- 
plished by means of four separate exposures: 
(1) exposure of the bare probe unit (Fig. 3) 
during which the equivalent y-reading due to 
reactor produced y-radiation and the response 
of the counter to thermal neutrons were 
recorded; (2) exposure of the probe unit 
partially covered with the foils to determine the 
incident thermal flux; (3) exposure of the 
probe unit surrounded by a Li shield (see Fig. 
3) during which the reactor y-radiation was 
measured with a reduced incident thermal 
neutron flux; and (4) exposure of the probe 
unit with the Li shield but with Au foils inside 
the shield to measure the thermal neutron flux 
penetrating the shield. 

From these exposures one may evaluate: 
(a) the effectiveness of the Li shield; (b) the 
neutron response of the counter; and (c) the 
reactor produced y-dose rate d, (in r hr~) as 
follows: 


L BN, 


D, = d, : 
+ BN, (6) 


D, = fa, 


where D, and D, are the readings in r hr} 
obtained in exposures (1) and (3), respectively; 
B is the equivalent roentgen response per unit 
flux (n cm~*); N, and N, are the neutron 
fluxes integrated for 1 hr (n cm? hr) 
measured in exposures (2) and (4), respectively, 
and / is the transmission factor for y-radiation 
through the Li shield. By exposure to Cs!%? 
y-radiation it was found that f = 0.987. The 
experimental values for D, and D, were 
10.2 r hr and 7.0 r hr~', respectively, when 
values of N, and N, were 1.5 « 10" n cm-? and 
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— 


500zf 


PULSE OPERATION 


CURRENT OPERATION 
Fic. 6. Input circuits used for pulse and current 


modes of operation. 
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4.9 x 10° n cm’, respectively. Using these 
with the values of f quoted above, it was found 
that B= 2.14 x 10-” r/n cm”, and d, 

7.1 r hr. This value for the y-dose agreed 
well with the value obtained with a C-—CO, 
ionization chamber.“?) Thus it may be con- 
cluded that the thermal neutron response of the 
probe unit is quite low, requiring about 5 x 10° 


n cm~? to produce the same response as | r of 


y-radiation. Further, the thermal neutron 
response may be reduced by using the Li shield. 
With the Li shield, about 1.5 x 10! n cm-? 
would be required to produce the same response 
as | r of y-radiation since N,/N, is about 300. 


5. CHARACTERISTICS OF THE COUNTERS 
AND ELECTRONICS CONSIDERATIONS 
The selection of circuit parameters to use with 

the counter was based in part on data given by 

VAN DuwreNn éf al.“*), and by determining experi- 

mentally the optimum values for good balance 

between such factors as dead time, plateau slope, 
adequate quenching, and a high voltage com- 
patible for both pulse and current operation of 
the counter. Fig. 6 shows the input circuitry 
that was used to obtain the pulse data. With 
this circuit the dead time of the counter is 
approximately 18 usec, and the pulse amplitude 
is 25 V at the grid of the input cathode follower. 

Fig. 7 shows a typical curve of count rate as a 

function of high voltage (using a fixed y-source) 

for the circuit as shown in Fig. 6. Although the 

counts vs. high voltage curve as shown in Fig. 7 

is not ideal, with a regulated high voltage 

supply it is adequate since a | per cent change 
in high voltage results in less than a | per cent 
change in response. Fig. 6 shows the input 
circuitry that was used to obtain the current as 


be 
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7. Count rate as a function of counter 
voltage for fixed dose rate. 


a function of dose rate (the data shown in Fig. 
5). The high voltage required for both modes 
of operation is only 375 V. 

Nine 18509 tubes were checked for variance 
of counting rate as a function of high voltage to 
ascertain their interchangeability in a particular 
circuit. The curves were very similar in shape, 
and, as can be seen in Table 2, six of the counters 
had a spread of only 5 per cent. This variation 
should present no problems as the readout 
circuitry could be designed with an adjustable 
sensitivity control allowing correct calibration 
for any particular counter. Although a limited 
number of counters have been used for only a 
few months’ service, they have been very stable 
and dependable. 


Table 2. Relative sensitivity of G-M counters 
All counters received the same y intensity 
of ~15 mr/hr 
Counts 
min-!/mr hr-1 
375 V 


on anode 


Relative 
response 


Counter 
no. with 


1.01 
0.94 
0.98 
1.01 
1.06 
1.00 
1.06 
1.00 
0.97 


~~ ho 
os 


Co oO 


bo NO hO ?D 
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The probe unit (7 in. long by | in. diameter) 
contains the G—M tube with its shielding and a 
cathode follower as shown by Fig. 3. Where the 
range covered by the pulse mode of operation 
is sufficient, the probe unit may be fed into a 
scalar by means of a cable of any desired length 
up to about 100 ft. A simple a.c. operated 
readout unit has been designed which allows 
either pulse or current mode of operation and 


has provisions for giving a direct readout of 


either dose rate or integrated dose for the pulse 
mode ranges. Further details of the complete 
electronic instrument will be reported separately 
at a later date. 
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LARGE PLASTIC SCINTILLATORS FOR RADIOACTIVITY 
MEASUREMENT* 
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Abstract—This study of counting systems utilizing large plastic scintillators includes an 
investigation of the component parts, the y-ray spectra obtained from large scintillators, and the 
application of large scintillators to total-body and low-level sample counting. Properties of 
the component parts investigated were: (1) light production from plastic scintillators of 
different manufacture; (2) the influence of crystal size and shape on light collection efficiency ; 
and (3) the photocathode response of 5-in. and 16-in. photomultiplier tubes. Experimental 
spectra taken with a 16-in. diameter by 8-in. thick cylinder of plastic are shown and the results 
for 0.662 MeV y-rays compared to a calculated (Monte Carlo) pulse-height distribution. The 
application of large plastic scintillators to total-body counting is evaluated by comparing the 
response of an array of 16-in. by 8-in. plastic scintillators to a single 8-in. by 4-in. NaI detector. 
Spectra taken with an 18-in. by 18-in. plastic well counterare presented, and data is presented on 


the performance of this device as a low-level sample counter. 


I. INTRODUCTION 


LarcE plastic scintillators are useful for measur- 
ing low-level concentrations of radioactivity, 
i.e. micromicrocuries per gram. Such levels of 
radioactivity are encountered by health physi- 
cists in the monitoring of individuals exposed to 
small amounts of radioisotopes. These radioiso- 
topes may result from uranium fission as in the 
case of Cs!’ or from operation of high-energy 
machines as with Zn®. The measurement of 
normally occurring levels of K*° is also of interest 
in certain medical and health physics problems. 
Furthermore, many medical and _ industrial 
radioisotope techniques can be carried out using 
micromicrocurie per gram levels of radioactivity 
if suitable instrumentation is available. 

The ability to measure low levels of radio- 
activity depends on the absolute sensitivity of 
the detector, the background level, and the 
maximum sample size which can be used. The 


* This investigation was supported in part by a research 
grant C-2187 from the U.S. Public Health Service and by 
the June Rockwell Levy Foundation. 

+ Physics Research Laboratory, Massachusetts General 
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t Department of Nuclear Engineering, Massachusetts 
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usual detecting systems are large Nal (TI) 
crystals,” large-volume liquid or plastic scintil- 
lators,‘) and in some cases large, high pressure 
ionization chambers.) Of these the Nal 
detectors have received the greatest use. Plastic 
scintillators offer both advantages and disadvan- 
tages for such measurements. Their primary 
advantage is availability in large dimensions. 
This permits large samples to be measured as 
well as providing high absolute sensitivity. The 
possibility of molding or machining plastic into 
complex shapes allows flexibility in the design 
of counters for specialized applications. The 
ease of handling plastic blocks, their chemical 
stability, and the lack of fire hazard gives them 
certain advantages with respect to large liquid 
scintillation counters. The disadvantage in the 
use of plastic scintillators arises primarily from 
the low atomic number of the plastic material. 
Almost no photoelectric interactions are recorded 
and the observed spectrum is due primarily to 
Compton interactions. However, the Compton 
distribution itself is often adequate for the 
identification of certain y-ray lines even though 
the resolution is considerably inferior to that of 
sodium iodide. 


An excellent review of the three methods is given in 
the ‘‘Measurements of Body Radioactivity”. 


LARGE PLASTIC SCINTILLATORS FOR RADIOACTIVITY MEASUREMENT 


In this paper, problems related to the use 
of large plastic scintillators for radioactivity 
measurement are discussed. Light output and 
collection are observed for a number of plastic 
materials, and the factors involved in light 
collection discussed. Calculations leading to 
theoretical spectra from blocks are 
reported and resultant spectra compared to 


plastic 


experiment. Finally, the possible application of 


large plastic scintillators to body counters and 
sample counters is discussed. 
Il. LIGHT PRODUCTION AND COLLECTION 
FROM PLASTIC SCINTILLATORS 
Plastic polymer 
(usually polyvinyltoluene) containing a primary 


scintillators consist of a 
scintillator such as PPO* and a secondary wave- 
length shifter such as POPOP?. The density of 
these plastic blocks ranges from 1.02 to 1.04 gm/ 
cm® and their refractive index from 1.5 to 1.6. 
Light production in four commercially prepared 
plastic scintillators} was compared by measuring 
the conversion electron spectrum from Ba!*? 
E; = 624 keV). 


consisted of a l-in. diameter cylinder | in. high. 


ihe scintillators in each case 


The scintillators were placed on a Dumont 6292 


photomultiplier tube without any reflector and 


the resultant spectra analyzed with a 256- 
The relative 
pulse heights were obtained by comparing the 


channel pulse-height analyzer. 
resultant spectra, Table 1. ‘The slight variation 
among scintillators may result in differences in 
the wavelength match between scintillator and 
photomultiplier tube. ‘Two of the scintillators 
were retested with Teflon tape covering all 
surfaces except that exposed to the photo- 
cathode. The addition of this light-reflecting 
material increased the light output by amounts 
ranging from 25 to 50 per cent. This increase 
may be somewhat dependent upon surface finish 
of the scintillators since light collected by total 
] in. 
oxide 


internal reflection is unchanged. A | in. 
Nal (Tl) detector with an aluminum 
* 2:5-Diphenyloxazole. 
+ p-bis-12-(5-Phenyloxazolyl) l-benzene. 
t Pilot B (Pilot Chemical Co., Waltham, Mass.). 
NE-102 (Nuclear Enterprises Ltd., Winnipeg, 
Canada). 
NATON-I11 
England). 
PVP-500 (Crystals, Inc., Westwood, N.J.). 


Nash and Thompson Ltd., Surrey, 


Table 1. Relative response of 1 in. x 1 in. plastic 
scintillators to Ba!®? conversion electrons 
Scintillator* Relative response 

A (no reflector 
B (no reflector 
C (no reflector) 
D (no reflector 
C (plus Teflon) 
D (plus Teflon 
Nal (TI) 
* Sample designation is not correlated with the list of 
manufacturers in the text. 


reflector is included in Table 1. It is seen that its 
output is approximately four times that of the 
two plastic detectors with Teflon light reflectors. 
it is concluded that small samples of the plastic 
scintillators listed in Table | are quite similar in 
their light production. 

Light collection from plastic scintillators 
depends on the crystal size and geometry as well 
as the reflectivity of the walls. To measure the 
effect of scintillator size, various thicknesses of 
l-in. diameter plastic samples were exposed to 
Ba!’ conversion electrons. The pulse height 
and the resolution of the Ba!’ electron line 
decreased with increasing height of the cylinder 
(Table 2). The maximum range of the 624-keV 
electrons in plastic is about 2.3 mm or somewhat 
more than in. Therefore all the light is 
produced in the top layer of the cylinders and 
the light has to pass through variable lengths of 
plastic to reach the photomultiplier. The 
drastic loss of pulse height and resolution, going 
from a #-in. to a |-in. height cylinder cannot be 
explained by absorption of the fluorescent light 
in | in. of plastic material.§ It has to be assumed 
that a considerable fraction of the fluorescent 
light is permanently trapped within the plastic 
by internal reflection. 

The effect of scintillator shape was investi- 
gated with 1}?-in. diameter x 2-in. samples of 
plastic scintillator material. By using a conical 
instead of a cylindrical shape the pulse height 
for the Ba!*? electron line could be increased by 
more than 60 per cent with a corresponding 


§ The manufacturer reports a mean free path of over 
18 in. for l-in. diameter cylinders. 
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Table 2. 


Variation of pulse height and resolution of Ba'8" electron line with 


height of plastic scintillator 


Height of 1-in. diameter 
plastic scintillator 
(in.) 


Relative 
pulse height 


Resolution of 
624-keV line 


(9) 
\/o 


improvement in line resolution, as compared to 
a right cylinder. The sides of the scintillator 
were machined to a 7° angle from the normal 
and the cone trunk placed with the broad end 
on the photomultiplier tube. Since the light is 
produced in a layer about 2 in. from the photo- 
cathode in the cylinder as in the conical-shaped 
piece, the light transmission has not been altered. 
Therefore the effect of the tilted sides can only 
be to increase the fraction of light that is 
channeled towards the photomultiplier tube 
and decrease the fraction that is trapped by 
total internal reflection. By using plastic 
scintillators of various sizes it could be demon- 
strated that a 5° angle seems to be about 
optimum (maximum pulse height) for both the 
Ba!®? electron line and the Ba!®’ y-rays. We 
have not investigated the effect of tapering on 
light collected from large cylinders. 


Ill. PHOTOMULTIPLIER TUBES FOR LARGE 
PLASTIC SCINTILLATORS 

If the scintillator were perfectly transparent 
to its own fluorescence and there were no light 
losses at the walls, it would be possible to obtain 
pulse-height information from a large scintil- 
lator with a single small photomultiplier tube. 
In actual practice, it is necessary to have the 
photocathode an appreciable fraction of the area 
of the scintillator. The large photocathode 
area can be obtained either by using several 
small (3 in.—5 in.) photomultiplier tubes or by 
using a single large tube (12 in.—16 in.) having 
a diameter approximately equal to that of the 
scintillator. The single large tube provides a 
larger area, requires simpler electrical circuitry 
and is more economical. However, large tubes 
are not so highly developed for spectrometry as 


the smaller tubes and their performance limits 
the pulse-height resolution. 

To investigate some of the factors which limit 
the resolution obtainable with large tubes the 
following series of tests were carried out. Photo- 
cathode response was measured by analyzing 
the pulse-height spectrum produced by a pulsed 
argon light which illuminated a small area on 
the photocathode.* Spectra were measured for 
fifty 0.5-in? areas on each of six 5-in. photo- 
multiplier tubes (Dumont 6364) and for 170 
areas on a single 16-in. photomultiplier tube 
(Dumont K 1328). Additional studies of pulse 
height and resolution as a function of area 
indicated that on a restricted area of the photo- 
cathode the pulse height was proportional to 
area over a range of from 0.005 to 0.5 in? and 
that the resolution was proportional to the 
inverse square root of the pulse height over the 
same range of areas. From the spectra obtained 
in these studies, equal pulse-height maps of the 
photocathode area were prepared. A typical 
response pattern for a 5-in. tube is shown in 
Fig. 1. The variation in response is nearly 5 to |. 
The response patterns of all the 5-in. tubes 
tested were quite similar and all were related to 
the orientation of the dynode structure within 
the tube. The response pattern of the 16-in. 
tube is shown in Fig. 2. Here the variation in 


sensitivity is more irregular owing to variations 
in cathode thickness. However, superimposed on 
this pattern is a large gradient of sensitivity again 
related to the orientation of the first dynode. 
The dependence of the response pattern on first- 


* The focusing and first dynode-cathode voltages were 
adjusted for optimum gain and resolution under the 
conditions of uniform photocathode illumination. 
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Fic. 1. Relative response pattern of a 5-in. 

photomultiplier tube. The contours delineate 

areas of equal sensitivity. The first dynode of 
the box-dynode structure is indicated. 


dynode orientation indicates that some of the 
asymmetry shown in Figs. | and 2 is due to 
varying first-dynode multiplication and collec- 
tion rather than photoelectron production. 

An unexpected finding observed at certain 
points on the 16-in. photomultiplier tube face 
was the production of two distant Gaussian 


pulse distributions for constant intensity light 


pulses. Fig. 3 shows the spectra of pulses 


observed at a location 3 in. from the center of 


the tube face. At one position a clear double 
peak is observed indicating the existence of two 
quasistable electron trajectories between the 
photocathode and the first dynode. At a second 
position 2 in. away, these two peaks have merged 


to form a single broad peak. The existence of 


such unstable electron paths can have only a 
deleterious effect on the resolution of the system. 
It should be mentioned that the 16-in. photo- 
multiplier tube was not designed for spectro- 
metry. However, similar findings were observed 
to a lesser extent with the 5-in. photomultiplier 
tubes. 


Nonuniform photocathode sensitivity and 


Fic. 2. Relative response pattern of a 16-in. 
photomultiplier tube. 


photoelectron collection reduces the resolution 
of photomultipliers by increasing the statistical 
uncertainty in the magnitude of the initial 
scintillation. Furthermore, if there exists a 
correlation between the position of the scintil- 
lation and photoelectron production in the 
photocathode material, the resolution will be 
decreased further by the nonuniformity, i.e. 
equal energy losses in the scintillator will produce 
different pulse, height distributions. HickoK 
and Draper“) have indicated that this effect is 
not important for large crystals. The large 
difference in index of refraction between Nal and 
glass results in a large number of internal light 
reflections within the Nal crystal.) The net 
result is fairly uniform light illumination. For 
plastic there is little change in refractive index 
and the light will have more of a tendency to be 
collected unevenly over the face of the photo- 
cathode. 


IV. MONTE CARLO CALCULATIONS 


The y-ray spectra obtained from small blocks 
of plastic scintillator should be identical with the 
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RELATIVE COUNTING RATE PER ENERGY INTERVAL 


PULSE HEIGHT (VOLTS) 
Fic. 3. Pulse spectra taken at two adjacent positions on the 16-in. photomultiplier tube 


of the photocathode. 
position. 


distribution of absorbed energy in a single 
Compton interaction. As the size of the plastic 
scintillator increases, the number of multipie 
Compton interactions will increase, producing 
a broadened distribution. Eventually the 
plastic scintiJlator will reach a size within which 
all the y-ray energy will be absorbed. At this 
point a total absorption peak should be observed. 
However, decreased resolution with these larger 
blocks resulting from decreased light collection 
and increased light attenuation may prevent the 
total absorption peak from being observed. To 
investigate this problem and to determine the 
theoretical shape of spectra obtained with plastic 
blocks a study has been performed using Monte 
Carlo techniques to calculate energy absorption 
within plastic blocks of various sizes. The Monte 
Carlo program is similar to that developed by 
BERGER for sodium iodide crystals. In this 
study 5000 histories of 0.662 MeV _ y-rays 
incident on a 16-in. diameter x 8-in. thick 
plastic scintillator were traced with an IBM 704 
computer. The results are approximate, as y- 
rays of less than 50 keV energy were assumed to 
be totally absorbed. Actually, there will be some 
leakage of y-rays of this energy near the surface 
of the scintillator. 


The presence of a double peak is clearly indicated at the first 
In each case photocathode illumination was confined to 0.5 in? area. 


The results of these calculations are shown in 
Fig. 4. The single interaction Compton distri- 
bution is shown in dashed lines for comparison. 
It is seen that the single interaction Compton 
distribution has been broadened considerably 
by multiple interactions, the calculated distri- 
bution extending to the full energy of 662 keV. 
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| 
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| 
| 
! 
! 
| 
| 
| 
| 


(62 262 362 462 562 662 762 
ENERGY (KEV) 

Fic. 4. Results of Monte Carlo calculation of 
the pulse spectra produced by 0.662 MeV 
y-rays incident on the center of a 16-in. 
diameter x 8-in. high plastic scintillator. The 
single Compton pulse-height distribution for 
0.662 MeV y-rays is shown by the dotted line. 
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RELATIVE COUNTS PER 50 KEV INTERVAL 


562 66 
ENERGY (KEV) 
Fic. 5. Experimental pulse-height spectra of 
0.662 MeV y-rays with a 16-in. 
diameter by 8-in. high plastic scintillator and 
a 16-in. photomultiplier tube. ‘The area under 
this curve has been normalized to that of the 
calculated spectrum, Fig. 4. 


obtained 


Fig. 5 presents an experimental spectrum 
obtained with a 16-in. diameter thick 
plastic scintillator* and a 16-in. Dumont photo- 


multiplier tube. A point source of cesium-137 


8-in. 


was placed on the center of the front surface of 
The distribution is broadened 


the scintillator. 
considerably compared to that obtained theo- 


retically by the statistics of photoelectron 


* The plastic scintillator (Pilot B) was coated with a 
reflector consisting of aluminum oxide suspended in silica 
gel, under the direction of H. D. LeVine of the Health 
and Safety Laboratory, New York Operations Office, 
USAEC, and loaned to us for these tests. 


DETECTION EFFICIENCY VS ENERGY 


EFFICIENCY % 


Nol (PHOTOPEAK) 


1 L 
500 1000 


ENERGY (KEV:-) 


Nol (TOTAL) 


PLASTIC 


production and collection. However, the experi- 
mental spectrum agrees well with the calculated 
spectra and the peak lies near that of a single 
Compton interaction distribution. Itis apparent 
that a plastic scintillator of considerably greater 
dimensions than used in this study would be 
required for total absorption. It is interesting to 
note, however, that even for this-size scintillator 
as many as ten or twelve Compton interactions 
were recorded for a single incident y-ray. Of 
practical importance is the relatively small 
number of low-energy pulses in the spectra. 
This considerably simplifies the problem of 
obtaining high counting efficiency while discri- 
minating against photomultiplier tube noise.‘ 


V. A LARGE-AREA DETECTOR FOR 
TOTAL BODY COUNTING 

Experimental and theoretical studies have 
been carried out on the feasibility of using a 
multiple array of large plastic scintillators as 
detector units for total-body counting. Such a 
multiple assembly would combine some of the 
isotope identification characteristics of a large 
Nal crystal with the high counting efficiency of 
total-body liquid scintillation counters. The 
absolute y-ray detection efficiency of a 16-in. 
diameter by 8-in. thick block of plastic scintil- 
lator and an 8-in. diameter by 4-in. thick Nal 
crystal as a function of energy are shown in Fig. 
6. The calculations are for normally incident 
y-rays. For the sodium iodide detector the 
fraction of detected events recorded in the photo- 
peak is also plotted.“ The detection efficiency 


Fic. 6. Efficiencies for an 8-in. diameter 
by 4-in. thick NaI detector and a 16-in. 
diameter by 8-in. thick plastic scintillator. 
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Plastic 
Scintillator 


Dumont |6" 
Phototube 


Fic. 7. Experimental arrangement for testing 

the large plastic scintillator with a 16-in. 

photomultiplier tube. An 8-in. iron top was 
added for background measurements. 


of both detectors is high in the y-energy range 
of interest in low-level counting. 

Spectra of Co®, Na?*, Cs!8? and I'*! were 
obtained experimentally with the 16-in. diam- 


eter by 8-in. thick block of plastic referred to 


earlier. The observations were made as shown 


in Fig. 7. Sources were positioned directly 
above and at the center of the scintillator. A 
}-in. layer of lead was placed above the scintil- 
lator to exclude low-energy background radia- 
tion in the room. Pulse-height spectra were 
measured for the 16-in. diameter x 8-in. high 
plastic scintillator with a 256-channel magnetic 
core analyzer. The experimental spectra are 
shown in Fig. 8. Although the resolution is 
inferior to that of a large Nal crystal, y-rays of 
widely different energy can be clearly distin- 
guished. The peak of each distribution does not 
correspond to the full energy of the y-ray but 
more nearly to the energy of the Compton edge, 
as previously discussed. 

A “half-resolution” for spectra obtained with 
liquid and plastic scintillators has been defined 
by Birp and Burcu"), The “half-resolution”’ 
is the ratio of the energy interval between the 
peak of the distribution and the point on the 
high-energy side at which the intensity is 
decreased by one-half. With this scintillator the 
half resolution for cobalt-60 is approximately 
21 per cent and increases to 34 per cent for 
cesium-137 and 50 per cent for iodine-131. Some 
of this resolution may result from nonunifor- 
mities in the 16-in. photomultiplier cathode 
surface, but the major portion undoubtedly 
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RELATIVE COUNTING RATE 


PULSE HEIGHT (VOLTS) 


. Spectral distribution of pulses for various isotopes as measured 
with the arrangement shown in Fig. 7. 
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Table 3. Comparison between an 8 in. diameter 


4 in. long Nal detector and eight 16-in. diameter x 8-in. high plastic 


detectors for the detection of normal body burdens of radioactivity 


Counting time is that required for a 5 per cent standard error) 


Isotope Detector 


0.662 MeV 8-in. diameter 
4-in. long Nal 
0.84 y/dis Plastic array 
8-in. diameter 
4-in. long Nal 
Plastic array 


1.46 MeV 


0.11 y/dis 


results from multiple Compton interactions in 
the plastic which tend to broaden the single 
Compton distribution. 

The sides of the shield shown in Fig. 7 
consist of 3-in. thick lead rings. The top and 
bottom of the shield are 8 in. of iron lined with 
1 in. of lead on their inner surface. The }-in. 
lead layer serves to absorb the soft components 
of build-up radiation generated in the iron. The 
integral background counting rate of the 16-in. 
plastic scintillator in this assembly was 12,500 
counts/min with a base line cutoff of approxi- 
mately 50 keV. At 200 keV the integral back- 
ground counting rate decreased to 5700 counts/ 
min. The temporary shielding arranged for 
this test was minimal for low-level counting, and 
the background counting rates could probably 
be reduced further in a permanent installation. 

A single large Nal detector used for total-body 
counting must be placed some distance from the 
subject (usually 50 cm) to minimize geometric 
errors in the measurements.“*) The large area 
and relatively low-cost of plastic scintillators 
that by 
array as close to the subject as possible, the good 


suggest placing a multiple detector 
geometry configuration of the liquid total-body 
counter could be approached. Based on the 
data of Figs. 6 and 8, we have compared the 
time required to measure total-body radioactivity 
using an array of eight 16-in. diameter by 8-in. 
thick plastic scintillators, with that required by 
a single 8-in. diameter by 4-in. thick Nal 
Nal crystals could, of course, also be 
However, it would 


crystal. 
used in a multiple array. 


Counting 


time Efficiency count count 


(min) 


0.71 (photopeak) 


218 


1 0.83 (total) 17,600 


50 0.47 (photopeak) 7 55 


2.8 0.71 (total 4600 29,600 


require thirty-two 8-in. NaI detectors to have 
the same geometric efficiency as the plastic 
array. 

In this comparison, it is assumed: that the 
body contains 0.123 we potassium-40% and 
6 x 10-3 we cesium-137,% that an 8 in. x 4 in. 
Nal detector is used at 50 cm, and that the eight 
plastic scintillators are placed as close to the 
trunk as possible to give an estimated geome- 
trical efficiency of 40 per cent. Background data 
for the Nal detector have been taken from 
Miter" assuming a window width equal to 
2 x resolution. Appropriate window settings 
were selected for the two isotopes. Table 3 
presents the results of calculations of the time 
required for the determination of K4° and Cs!” 
levels in the body to an accuracy of 5 per cent. 
The counting times for the plastic scintillators 
are considerably less than those for the Nal 
detector, reflecting the greater geometrical 
efficiency. It is highly likely that the background 
values for the plastic scintillator could be 
reduced, as these values result from a single 
study. It would appear that arrays of large 
plastic detectors may have application in cases 
where a large number of routine measurements 
at or near background levels are desired. 


VI. LARGE PLASTIC WELL COUNTERS 


An 18-in. diameter by 18-in. plastic well 
counter* has been used in our laboratory to 
measure the radioactivity of y-emitting isotopes. 


* Nuclear Enterprises Ltd., Winnipeg, Canada. 


G. L. BROWNELL, W. H. ELLETT, R. A. RYDIN and G. J. HINE 


Table 4. Comparison of Nal and plastic well counters 


(Sampl 


Sample size (cm?) 

Resolution Cs!37 Ey = 0.662 MeV (°%) 
Integral background (counts/min) 0.2—2.5 MeV 
Background in Cs!87 window (counts/min 
Required sample concentration (upc/cm* 
Required sample activity (uc) 


€ requirements assume 5 per cent standard error for a 50-min counting time) 


5} in x 4 in. 
Nal 


18in x 18in. 
Plastic 
2000 20 
60 12 
5000 400 
2100 21 
0.072 1.05 
144 21 
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PULSE 


Fic. 9. Spectra obtained with the 18-in. diameter 


1 ——_ 
50 60 


HEIGHT (VOLTS) 


18-in. thick 


plastic well counter and four 5-in. photomultiplier tubes. 


The well cavity is 5.6 in. in diameter and 12 in. 
deep. A 2-l. sample can be accommodated with 
nearly 47 geometry. Light is collected from 
the scintillator by pairs of 5-in. photomultiplier 
tubes located on the top and bottom of the 
scintillator which is packed in magnesium 


oxide. For pulse-height analysis, the output of 


the four photomultiplier tubes are summed in 
an addition circuit before amplification. A 
coincidence circuit between the top and bottom 
pairs of photomultiplier tubes reduces the effects 


of tube noise by inhibiting the recording of 


noncoincident pulses. Pulse-height spectra taken 


with this arrangement are shown in Fig. 9. The 
spectra are seen to be comparable to those 
obtained with the solid block of plastic and a 
single 16-in. photomultiplier tube. Resolution 
is adequate to allow single-channel pulse-height 
analysis. This is important, since the use of a 
window in low-level counting allows background 
reduction as well as isotope separation. 

Table 4 shows a comparison of the sensitivity 
of this plastic scintillator with the sensitivity of a 
5-in. diameter by 5}-in. sodium iodide well 
counter, assuming that a large amount of 
sample is available for both. Because of the 
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large size used in the plastic scintillator its 
sensitivity is approximately a factor of 14 greater 


than that of the sodium iodide although, of 


course, the resolution and absolute sensitivity 
are both As in the case of plastic 
scintillators for total-body counting, large 
plastic well counters would seem to be advanta- 
geous in cases where large numbers of low-level 


poe yrer. 


samples are to be measured in a relatively short 
time. They should find application in low-level 
determining natural 


tracer studies and in 


radioactivity for reactor site monitoring. 
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Abstract—An accidental radiation excursion occurring during a Pu®®® recovery operation 
resulted in significant exposure of three personnel, one exposure terminating in fatality. 
Radiation of the fatally exposed person was nonuniform, and it was possible only to estimate 
his average body dose and dose incident to specific body areas. His average fast neutron dose 
was estimated as about 900 rads, and y-ray dose as 3000-4000 rads. The fast neutron doses 
incident to the head and upper abdomen were estimated as 2600 and 3000 rads, respectively, 
and the respective incident y-ray doses as about 7800 and 9000 rads. A second operator 
received a neutron dose estimated at 2.6 rads, and his film badge showed a y-dose of 118 rads. 
The third person’s neutron and y-doses were estimated as 1.4 and 31.5 rads, respectively. 
Most of the y-ray dose to the nonfatality exposed operators was accumulated during subsequent 


trips near the source. 


INTRODUCTION 

On 30 DecemBer 1958, a radiation excursion 
occurred during a Pu?*® recovery operation 
at the DP-site of the Los Alamos Scientific 
Laboratory. The criticality occurred when an 
operator started a stirrer in the process of 
extracting plutonium from an aqueous into 
an organic phase. Specific details of the 
operation and the accident are given else- 
where.“) The excursion resulted in the highest 
accidental radiation exposure incurred to date 
in the atomic energy field. Although slight 
exposure was sustained by other personnel in the 
vicinity, this report is confined to the exposure 
of the three recovery process operators (CK, RD 
and JR), who were working in the operation at 
the time. The operator CK, who started the 
stirrer, received a supralethal dose of radiation; 
therefore, practically all the report is given 
over to considerations of the dose sustained 
by this individual. 

There were a number of complications 
connected with evaluation of doses to personnel 
directly involved in the accident. These com- 


* Work performed under the auspices of the U.S. 
Atomic Energy Commission. 


plications included geometrical and moderator 
characteristics of the source and movement 
of personnel in the vicinity of the source after 
the accident. Insofar as assessment of dose 
to the operator CK was concerned, standard 
dosimeter coverage was inadequate or absent. 


PHYSICAL CHARACTERISTICS OF 
_ THE SOURCE 

The excursion occurred in a 250-gal stainless steel 
tank containing approximately 150 gal of material. 
A schematic diagram of the tank is shown in Fig. 1. 
The critical reaction occurred in the upper organic 
layer, labeled solvent. The organic phase (consist- 
ing of a tributylphosphate—kerosene mixture) con- 
tained 3.27 kg of Pu®® in solution. The aqueous 
phase below contained only 40 g of plutonium, while 
the total solids (“‘heel’’, etc.) contained only 60 g. 
Apparently, when the stirrer was started, the material 
in the organic phase was brought into a critical 
configuration in the horizontal center of the tank 
slightly below the center of the organic layer. The 
geometric level of the critical reaction was determined 
by linear measurement of the long-lived induced 
y-activity in a stainless steel baffle located inside the 
tank. 

There was apparently enough heating by the 
reaction and dispersal by continued stirrer operation 


37 


38 RADIATION DOSE ESTIMATION IN THE 1958 LOS ALAMOS CRITICALITY ACCIDENT 


VIEW 
PLATE, 


17.75 cm 


! 
' 
' 
' 
| 
t 


J umits 
OF Hi 
POSIT 


&) 


f 
START BUTTON 
44.5cm 


FROM 


90 to 00cm 


REACTION 
CENTER ~85cm 
TO XIPHOID 


TOP OF SOLVENT | ie 


LEVEL OF XIPHOID IF 
STANDING ON 2"° sTEP 
OF STOOL 


/ 


Var 


A 


? 
12.7 
20.3cm *t 


AQU 
oe 425cm 


*? / REACTION 
CENTER 
50cm 


——* 
76cm en ~ 
f BOTTOM of SOLVENT 70—whe— KNEE LEVEL IF ON 
t 


PHASE 


BODY SURFACE 


Cd ee ee 


229 $TEP OF STOOL. 


\ FLOOR LEVEL 


Fic. 1. 


to prevent oscillation of the system, as occurred in 
the Oak Ridge accident.'**) Thus the whole event 
consisted of a single, supercritical reaction. ‘The 
total fissions was determined subsequently by standard 
1027, 


The pulse width, under these conditions, was probably 


radiochemical analysis and found to be ~1.5 
less than 200 psec. ‘There was undoubtedly a con- 
siderable thermal shock created by the rapid tem- 
perature increase in the solution. The tank, in fact, 
was found to have moved 3 in. 

The general position of an operator in performing 
the standard operation is indicated by the posed 
photograph shown in Fig. 2. A number of operators 
were questioned, and demonstrated this standard 
technique. The schematic shown in Fig. | gives the 
most likely dimensions, distances and conditions that 
prevailed at the time of the accident. In 
during demonstration of the technique was the frontal 
plane of an operator’s body found to be closer than 
Thus thermal shock could not be 


no case 


6 in. to the tank. 
transmitted directly to the chest, abdomen, etc. From 


the dimensions shown in Fig. 1, it can be seen that 


Schematic diagram of solvent-treating tank and likely position of subject. 


the area of the xiphoid was actually closer to the 
essentially unmoderated critical reaction center than 
any other portion of the body. Also, the geometry 
was such that inverse square could materially change 
the dose (by a factor of 2 over the average body 
thickness of 30 cm) without any consideration of 
absorption. Finally, it can be seen that the moderator 
mass varied from essentially zero to greater than 70 
cm of H,O over the exposure profile. These con- 
ditions certainly made dose distribution of both 
neutrons and y-rays very nonuniform as far as the 
operator CK was concerned. It was, therefore, only 
possible to consider average dose to the body and 
incident dose to specific areas. 


NEUTRON DOSE 
Neutron dose to the operator CK was of 
primary interest. This portion of his total 
exposure was due almost exclusively to fast 
rather than thermal neutrons. The incident 
neutron dose to various regions of the body 


Posed photograph of operator performing standard 


plutonium recovery process. 
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would be expected to vary with distance from 
the source and thickness of intervening moder- 
ator. Depth dose would be expected to vary 
also with respect to both geometry and 
absorption. 

Several measurements were available from 
which the fast neutron component of CK’s 
dose could be estimated. These included 
measurements of blood and total body Na** 
activity, serum sodium specific activity, induced 
activity in materials in his pockets or clothing, 
and specific induced activities in selected 
tissues. The applicability of all such measure- 
ments to neutron dose estimation is predicated 
on the assumption that thermal neutrons did 
not cause an appreciable amount of the total 
activity measured. This assumption seems 
justified on the basis that thermal neutron 
fluxes were low or that activation cross-sections 
were small, or a combination of both. 

If one accepts the above assumption, two 
uncertainties remain in the estimation of fast 
neutron dose from Na?* measurements. One is 
the estimation of the total amount of Na** 
(fixed plus exchangeable) in the body. Sur- 
prisingly, this is not well known, although 105 g 
is the value given for the standard 70-kg 
man.) ‘Total body activity measurements 
apply to total body sodium, whereas specific 
activity measurements of blood or serum 
sodium apply primarily to the exchangeable 
fraction. ‘The second uncertainty is variation 
in induced Na** activity per unit of neutron 
dose as a function of source spectrum change. 
It can be postulated that the activity per unit 
dose is a slowly changing function of spectrum. 
This assumption implies that the mass and 
moderating ability of the irradiated object are 
enough to wipe out any significant spectral 
effect. 

An experiment was _ performed 
Los Alamos prompt critical assembly (Godiva I1) 
as a fission neutron source to check the second 
uncertainty. Varying thicknesses of poly- 
ethylene moderator were interposed between 
the source and a point of measurement and 
neutron dose measured. Afterward, an 18-1. 
polyethylene jug filled with a 1.29% NaHCO, 
solution in water was positioned at the same 
point and the induced Na** activity measured 


using a 


Table 1. Effect of thickness of moderator on induced 
Na*#4 activity in NaHCO, water solution 


(CH,) thickness 


Na** activity 
(c/min per rad) 


80 
80 
100 
100 


as a function of moderator thickness. Results 
of the measurements are shown in Table | 
and indicate that induced activity per unit 
of neutron dose is not a strong function of 
spectral degradation under these conditions. 
Induced Na** measurements can be_ used, 
therefore, to estimate the average fast neutron 
dose to the exposed subjects. 


Estimation of average fast neutron dose 


Total body sodium activities can be used 
to estimate average fast neutron dose by 
comparison with burro experiments carried 
out in connection with the Oak Ridge National 
Laboratory’s Y-12 criticality accident. In 
these experiments, a burro was exposed to 
48 rads of fission neutrons and induced Na24 
activity measurements carried out. Assuming 
sodium concentration in man is the same as 
that in the burro blood 
concentrations indicate that this assumption 
is reasonable), the average total body fast 
neutron dose could be estimated from total 
body Na?4 measurements using the following 


(comparison of 


expression: 
Actg 


Mts Rad» 


Radg (ave 
where Actg = activity in the subject in we/kg; 
Actp = activity in the burro in yc/kg; 
Rad » = dose to the burro; and Radg = the dose 
to the subject. The Na** activity in the burro 
was found to be 0.236 yc/kg, following a total 
neutron dose of 48 rads. In a similar manner, 
the average fast neutron dose to the exposed 
subjects could be estimated from blood Na*# 
activity and specific activity of the serum 
sodium. The burro exposed to 48 rads had a 
blood Na®* activity of 0.29 myc/ml and a 
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Table 2. 


Average total body fast neutron dose from body and blood Na** concentration and serum sodium 


specific activity 


Blood Na*4 


myuc/ml 


Body Na*# 


Subject 
J uc/kg 


CK 
RD 0.014 


0.016 
JR 0.007 - 


4.10 hs 3.77 
0.01 


Dose estimates 


Serum Na S.A: 
myc/mg 


Blood Na*4 
(rads) t+ 


Serum Na S.A. 
(rads) 


Body Na*4 
‘rads) * 


880 968 
2.6 2.6 


* Assuming total body sodium concentration in man and burro is the same. 


+ Assuming the blood sodium concentration in man and burro is the same. 


serum sodium specific activity of 0.187 muc/mg 
(assuming a 50 per cent hematocrit 

Average fast neutron doses, estimated from 
the Na*4 measurements, are 
in Table 2. Values for CK’s average body 
dose ranged from 835 to 968 rads. RD’s and 
JR’s average neutron doses were estimated 


various shown 


at 2.6 and 1.4 rads, respectively. 
The average fast neutron dose to CK can be 
estimated also from the Godiva II experimental 


data (Table 1) using the Na** values obtained 


for the 18-l. water phantom containing 1.29 per 


of moderator 
the 


6—9 in. 


With 
between the neutron sGurce 
the Na?4 


approximately 100 c/min per rad. 


cent 


NaHCO,. 
fission and 


phantom, induced activity was 
Under this 
set of circumstances, the initial counting rate 
of the phantom was 5.58 10% c/min, with a 
Calibration of the counting 
equipment indicated a sensitivity of 1.92 10-3 
pc/c per min. Thus the total activity induced 
in the phantom was The 

concentration in the phantom was 3.53 g/L, 
(3) is 1.5 o/ke 
CK’s 


293 uc, 


dose of 57.1 rads. 


10.7 uc. sodium 


while the value given for man 
based on a density of unity. 

Na** activity 
4.10 we/kg. The induced Na** activity of the 
phantom 10.7 pc/18 kg 0.595 ue/kg. 
From these values, CK’s average neutron dose 


or 1.5 g/L. 


total body was 


was 


is estimated as 


10 


53 
0.595 


926 rads 


. 
Be 


dc Ses 


Na”! 


the 
bl » Yel 


which agrees satisfactorily with 


estimated from total body and 


measurements and serum sodium 
activity. Since there 


reason for assuming any one of the above 


specific 
was no unequivocal 
estimates was more accurate than the others, 
CK’s average total body fast neutron dose was 
assumed to be the average of all the estimates or 
~900 rads. His tissue dose, however, definitely 
was not uniform and varied both with depth 
and with respect to moderator characteristics 
and geometry of the source. 
Estimation of fast neutron dose 
incident to specific regions 

Fast neutron doses incident to specific 
regions of CK’s body were estimated using 
A sample of hair (which 


obtained, 
p32 


other measurements. 
has a high sulfur 
and the P*? activity produced by the S#*(n,p 
This is a threshold 
reaction for neutrons energies greater 
than 2.5-3 MeV. The the 
fission neutron spectrum is 0.230 barn, which is 


content was 


reaction was measured. 
with 


cross-section for 


the same as the thermal neutron cross- 
section for the P#!(n,y)P** Hair, 
however, contains less than | per cent as much 
phosphorus as sulfur, and thermal neutron 
production of P? from P*! may be neglected. 
The concentration in CK’s hair 
found to be and the P*®* activity 
was 27 dis/min per mg of sulfur. The 
neutron flux incident to the head was estimated 


about 
reaction. 


sulfur was 


45.6 mg/g, 


fast 


from the relation 
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N*¥Ww 

eo. = 

Ps ~ TofA 

where N* = activity per g of hair (20.5 

dis/sec per g); W = atomic weight of sulfur; 

A= decay constant for P®* (5.65 x 10-7 

sec); o = activation cross-section (0.230 

10-4 cm? n-!); f = fractional concentration 

of sulfur in hair (0.0456); A = Avogadro’s 

number; and gg = total fast neutron flux 

seen by sulfur (n/cm?). Thus 

20.5 x 32 

10-7 0.230 x 

l 

6.02 


7s > 10-24 


5.65 


0.0456 1028 


- 1.78 « 10" n/em? 

The flux-to-dose conversion factor for neutrons 
above the sulfur threshold is 3.63 10-9 
rads/n per cm’, giving a dose estimate of 
~650 rads (above the sulfur threshold) incident 
to the region of CK’s head. With the source 
as indicated in Fig. 1, the total neutron flux 
in the head direction essentially an 
undegraded fission spectrum. Under these 
conditions, Godiva II measurements indicate 
that neutrons above the sulfur threshold 
deliver approximately 25 per cent of the total 
fission neutron dose. The total neutron dose 
incident to the head was, therefore, about 
2600 Extrapolation of measurements 
performed with the Godiva II assembly 
indicate that 1.5 10!’ fissions should deliver 
a neutron dose of 3700 rads at a distance of 
approximately 100cm from the source, the 
distance assumed in Fig. | as the most probable 
position of CK’s head during performance 
of the stirrer operation. Although the two 
estimates differ appreciably, it is not surprising 
since the position of the head was not known. 
For this the estimate from the P*? 
measurement was considered the more likely 


was 


rads. 


reason, 


value. 

Consideration of the and 
characteristics shown in Fig. | suggests that the 
upper abdomen in the region of the xiphoid 
probably received the maximum incident 
neutron dose. Although other regions of the 
body were closer, the amount of moderator 


distances source 


between the source and the body surface 
probably resulted in a considerably lower dose. 
A sample of CK’s xiphoid cartilage was analyzed 
also for sulfur, phosphorus and P%?, and the 
results used to estimate incident fast neutron 
dose to this region of the body. The phos- 
phorus-to-sulfur ratio was 0.028, and _phos- 
phorus capture of thermal neutrons could 
again be neglected. The P**® activity was 
4.7 dis/sec per g, and the sulfur fraction by 
weight was 0.00926. The incident neutron 
flux (gg), calculated in the manner shown 
previously, was 2.05 x 10! n/cm?. Using the 
same conversion factors and assumptions used 
previously, the incident fast neutron dose 
to CK’s upper abdominal area was estimated at 
about 3000 rads. Extrapolation of neutron 
dose data from the Godiva II assembly gave an 
estimate of ~5000 rads from 1.5 x 10!” fissions 
at the distance of the xiphoid (Fig. 1). The 
agreement between the two estimates is con- 
sidered satisfactory when the uncertainty in 
CK’s position, the increasing amount of 
moderator between source and surface, and 
differences in the two assemblies are considered. 
The increasing amount of moderator would 
tend to decrease the fraction of dose due to 
neutrons above the sulfur threshold. 

Testicular tissue was analyzed also, but P%? 
activity was below the level of detection. 
Failure to detect P#? in the testicle supports the 
conclusion that the source 
spectrum by intervening water occurred with 
degradation of high energy neutrons below the 
sulfur threshold. It may be concluded also 
that a significant absorption of thermal neutrons 


moderation of 


occurred, since the phosphorus-to-sulfur ratio 


in the testicle was 0.11. 

Metal buttons were the 
coveralls worn by CK at the time of the accident 
and their induced activity measured. The 
radiation emitted was identified as the anni- 
hilation radiation from Cu®*. Unfortunately, 
the buttons (which varied in activity by a factor 
of ~1.7) were not labeled as to location as they 
were removed from the coveralls. The activity 
of the various buttons (corrected to time of 
accident) is shown in Table 3. Calibration 
of similar buttons taken from the same type of 
coverall was attempted during the Godiva II 


removed from 
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Table 3. Copper-64 activity of buttons from 
coveralls worn by CK 
(corrected to time of accident) * 


Incident neutron dose 
(rads) 


Activity 
c/min 
2500 
2300 
1900 
1900 
1700 
1600 
1500 


14,500 
13,500 
11,300 
11,100 
9800 
9480 
8730 


\vg) 11,200 1900 


* Position on coveralls not known. 


experiments, designed to study effect of moder- 
ator on induced Na?‘ activity in the 18-1. 
water-NaHCO, phantom. The activity induced 
in the buttons resulted from thermal neutron 
capture. However, a free air measurement 
indicated that thermal neutrons from Godiva 
itself could be neglected. When the buttons 
were activated on the front of the phantom with 
}, 6 and 9 in. of polyethylene moderator between 
the source and the buttons, the measurements 
indicated an essentially constant ratio of 0.17 
rad/c The neutron 
indicated by each button is shown in Table 3. 


per min. incident dose 
These results show a variation of from 1500 to 
92500 and inconsistent with the 


neutron dose considerations given previously. 


rads are not 


y-RAY DOSE 


In many respects, estimation of CK’s y-ray 


exposure was more difficult than estimation of 


the neutron dose. y-Doses to RD and JR were 
reasonably well known, since both were wearing 
film badges. No film badge results were avail- 
able for CK, however, and the nature and geom- 
etry of the the 
estimation of his y-dose by other means. The 


source were important in 
y-to-neutron dose ratio would be expected to 
vary from point to point because of the moderat- 
ing conditions. Three different 
contributed to the total y-ray dose. First was 
fission y-rays; capture y-rays from 
hydrogen in the moderator; and third residual 


components 


second 


fission product y-rays and induced activities in 
the tank and its contents. As far as CK was 
concerned, the third portion may be neglected. 
RD and JR (as will be seen later) received a 
major portion of their y-ray exposure from 
residual fission products and associated activities. 

Estimates of the y-to-neutron dose ratio in 
the area occupied by CK may be made from the 
results of the Oak Ridge National Laboratory’s 
mock-up experiment following the Y-12 ac- 
cident.*) These experiments indicated a dose 
ratio of approximately 3. Although a value of 
3 may apply roughly to the upper portion of 
CK’s body, it certainly would not apply to the 
lower portion in the directions of large thick- 
nesses of hydrogenous moderator. In the pre- 
sence of significant amounts of hydrogenous 
moderator, the y-to-neutron ratio increases rather 
rapidly due to hydrogen capture y-rays.“ Neg- 
lecting fission y-rays, the capture y-to-neutron 
dose ratio increases rapidly from 0.5 at 20 cm of 
water shielding to 5 at 50 cm, and 20 at 100 cm. 
Application of these observations to the distances 
and source conditions shown in Fig. | suggests 
that the incident y-to-neutron dose ratio over 
CK’s body may have varied from 3:1 at the head 
and xiphoid region to 10:1 at the feet. In the 
regions of high ratios, however, the neutron dose 
was very significantly decreased due to fast 
neutron moderation. Experiments indicate that 
the fast neutron dose relaxation length“ is of the 
order of 10 cm in a water shield. Some build-up 
close to the source occurs, but one would esti- 
mate that the actual fast neutron incident dose 
to the lower portion of CK’s body was only a few 
per cent of the unmoderated value in the region 
of the head and xiphoid shown by the sulfur 
measurements. Therefore, even though the 
y-dose to the lower portions of the body may 
have been ten times as great as the neutron dose, 
the total dose to this area was undoubtedly only 
a fraction of that to the upper portions. From 
these considerations, an estimate of 3000—4000 
rads as CK’s average total body y-ray dose 
seems reasonable. 

Located in a rack 137 ft from the center of the 
criticality excursion were forty-six previously 
unexposed film badges. After the accident, these 
an average y-ray exposure of 
Calculations showed that only 


films showed 
670 + 90 mr. 


P. S. HARRIS 


Table 4. Transmission data for Co® y-rays 


Transmission 
factor 


Dose rate | 
(mr/hr) * 


Position 


Film badge rack | 
JR’s station 
RD?’s station 


78 x 
1.6 x 10-5 
21 x io 


1.86 
4.23 
5.64 


* Ionization chamber readings from 20-c source placed 
near the solvent-treating tank. 


about 4 per cent of the reading registered by 
these badges could have resulted from residual 
fission product y-ray exposure, which certainly 
constituted a negligible fraction of CK’s dose. 
An experiment was carried out to measure 
y-ray transmission from the source to the film 
badge rack before the general geometric features 
of the area were disturbed (only the contents of 
the solvent-treating tank had been transferred). 
Using a Co® source (approximately 20 c) placed 
at about 6 in. from the outer wall of the solvent 
tank at a level approximating the level of the 
reaction, y-ray dose rates were measured at 
RD’s and JR’s positions and at the film badge 
rack. Measurements were made with Victoreen 
0.025-r ionization chambers and y-rate meters 
(Eberline Model E-112B), and agreement bet- 
ween the two methods was quite good. Results 
of these measurements are shown in Table 4. 
Calibration of the Co® source gave a dose rate 
of 4.4 r/min at a distance of | ft, which is in good 
agreement with the rated source strength of 20 c. 

Using a transmission factor of 7 x 10~-& anda 
reading of 670 mr at the film badge rack, 
extrapolation to a position | ft from a_ point 
source at the center of the solvent-treating tank 
gave a total y-dose of 9.57 104 rads. Similar 
extrapolations from RD’s and JR’s stations 
could not be made, since their film badges 
showed readings of 118 and 31.5 r, respectively, 
most of which was from fission y-ray exposure 
accumulated during subsequent trips near the 
source. That this was the case is indicated by 
the y-ray transmission factors at their respective 
stations. These data indicate that RD’s prompt 
y-dose was approximately 3 times that measured 
at the film badge rack (or about 2 r), and JR’s 
dose was about 2.3 times the dose at the rack 
(or approximately 1.5 r). 


Extrapolation of the total y-dose at 1 ft from 
a point source at the center of the fission 
excursion (assuming no moderator effect) to the 
dose incident to CK’s head and xiphoid regions 
gives a value of ~10,000 r to the head and a 
slightly higher value to the upper abdominal 
area. Considering the nature of the data and 
the extrapolations involved, this is considered to 
be in reasonable agreement with the values of 
7800 and 9000 rads derived from the incident 
neutron dose (estimated from the P?? measure- 
ments) and a y-to-neutron dose ratio of 3 
to 1. The source was not actually a point source 
and certainly some of the y-exposure to the 
film badges might have been from y-ray produc- 
tion not in the immediate vicinity of the tank. 
It is possible also that the observed y-ray 
transmission factors, which varied greatly from 
point to point because of intervening equipment, 
etc., were low compared to what actually was 
the case. 

Another estimate of y-ray dose may be made 
strictly on theoretical grounds. Considering 
only fission y-rays, the total prompt y-energy 
release is variously quoted as from 7.5 to 12 MeV 
per fission. Using 7.5 MeV and 1.5 x 10" 
fissions, the total y-energy available was about 
1.5 x 10! ergs. At 100 cm, the energy flux 
would be 1.5 x 10? ergs/em*®. For y-rays of 
intermediate energy, an energy flux of 3000 
ergs/cm? results in a dose of 1 rad. Based on 
these considerations, the total fission y-dose in 
the region of CK’s head would have been around 
4500 rads and in the region of the xiphoid 
greater than 6000 rads. These estimates agree 
within a factor of 2 with the 3 to | ratio of 
y-to-neutron dose, and in view of the complica- 
tions this is perhaps as good as can be expected. 


TOTAL DOSE (CK) 

As stated previously, both the fast neutron 
and y-ray doses to CK _ were completely 
nonuniform. It is possible, therefore, only to 
estimate his average total body dose and total 
incident dose to the head and upper abdominal 
regions. In many respects, the neutron dose 
estimates were more satisfactory than those of 
y-dose. The most reliable estimates of incident 
y-dose to the head and upper abdominal 
areas (where the effects of the water moderator 
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Table 5. Summary of estimates of CK’s radiation exposure 


, iF Fast neutron dose ; se Total dose 
Region and conditions , ; 
‘rads rads (rads) 


Head (incident 2600 7800 10,400 
Upper abdomen (incident 3000 9000 12,000 
Total body (average 900 3000—4000 3900-4900 


were minimum) are perhaps those based on a__ buttons, and also J. N. P. Lawrence of Group H-6 
fast neutron-to-y dose ratio of }. Taking the for theoretical calculations of average total body 
various factors into consideration, what seems Xposure. 


to be the most reasonable estimates of CK’s REFERENCES 


1. H. C. Paxton, R. D. BAKER, W. J. MARAMAN and 
R. Remer, Los Alamos Scientific Laboratory 


ae : a : age Report LAMS-2293. Los Alamos, New Mexico 
fission neutrons for production of lethality in (1959) 


radiation exposure are summarized in Table 5. 
The relative biological effectiveness (RBE) of 


mice is approximately 2.‘6) The mouse, how- 2(a). Accidental Radiation Excursion at the Y-12 Plant 

ever, is thin compared to the neutron mean free a Se 16, 1958, U.S. Atomic Energy Commis- 

path, and the neutron dose may be assumed to sion Report Y-1234. Office of Techaicel 
be uniform throughout and over the entire Services, U.S. Department of Commerce, 

body. Since these were not the conditions of Washington, D.C. (1958). 

CK’s exposure, it is virtually impossible tochoose 2(b). G. S. Hurst, R. H. Rrrcnm and L. C. Emer- 

an appropriate RBE value for the fast neutron son, Health Phys. 2, 121 (1959). 

3. Recommendations of the International Commis- 
sion on Radiological Protection, Brit. J. Radiol. 
Suppl. 6 (1954). 

: . B. T. Price, C. C. Horton and K. T. Spinney, 

that his average total body exposure was prob- Radiation shielding. International Series of Mono- 

ably between 3900 and 4900 rads, of which graphs on Nuclear Energy, Division 10, Reactor 
about 900 rads was due to fission neutrons, and Design Physics Vol. 2, p. 287. Pergamon Press, 

that a considerably greater portion of the dose New York (1957). 

was delivered to the upper half of the body than . B. T. Price, C. C. Horton and K. T. SpInney, 

to the lower half. Radiation shielding. International Series of Mono- 

graphs on Nuclear Energy, Division 10, Keactor 
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component of his dose. No attempt is made, 
therefore, to estimate his average total body 
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Abstract—The half-life for fast neutron emission of three Po—Be fast neutron sources has been 
measured by long counter detection methods and found to agree to within less than 2 per cent 
of the half-life of the «emitter even, in one case, over a period of ten half-lives. 


INTRODUCTION 
For purposes requiring modest neutron fluxes, 
such as calibrations of detectors and some low- 
level studies, radiochemical sources offer maxi- 
mum convenience, and Po—Be sources provide 
about the highest energy spectra and highest 
fluxes of such sources. Although it might be 
taken as axiomatic that the fast neutron emission 
of a Po—Be source should decay proportionately 
with the polonium isotope, there have been 


repeated warnings and vague hints that such is 
not necessarily the case.“~®) Attempts to explain 


deviations from the expected output are 
generally based on presumed migration of the 
polonium or beryllium, or both, thus changing 
the distributions of the elements and the effi- 
ciency of neutron production per «-particle 
emitted. Such changes might be caused by the 
energy released in «-decay or by rough handling 
of a source. We present here the results of care- 
ful measurements of the neutron emission of 
three Po-—Be sources conducted over several 
years. 
EXPERIMENTAL METHODS 

Our measurements involved two detectors, three 
sources and three locales. One detection system 
consisted of a standard long counter,’ A-1-A preamp- 
lifier, and A-1 amplifier‘ with a 50- to 70-ft cable 
between amplifier and preamplifier. The counter was 
run at 2500 V with amplifier gain setting of 64 x 1 
R.C.A. Service, Patrick AFB, 
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and discriminator at 12 V. The delay line was used. 
Typical measurements at these settings indicated 
sensitivity changes of less than +2 per cent for a 
counter voltage change of + 100 V or a discriminator 
change of +6 V. Average pulse heights were about 
56 V and noise became detectable at about 4 V. 
Circuits were run continuously and all vacuum tubes 
were checked at least every 3 months. From additi- 
vity studies, coincidence losses were estimated, and 
corrections were made in the few cases where neces- 
sary. The sensitivity per fast neutron was about 
3 104 times that per y-ray photon. The second 
detection system consisted of a long counter modified 
for flat response to 14 MeV after the suggestions of 
Graves and Davis‘”), The counter was desensitized 
by the use of low gas pressure and normal rather than 
enriched B in the counter tube. Both detection 
methods used the same electronics except for the 0.5 
mc time constant rather than delay line. Operating 
conditions were: counter voltage, 1700 V, gain, 
8 x 1, discriminator, 12 V, sensitivity constant to 
within +-1 per cent for a change of +100 V on the 
counter and +5V on the discriminator, average 
pulse height, 52 V; and circuit noise became 
detectable at 4 V. The sensitivity per neutron was 
about 10° times that per y-ray photon. 

The Po—Be sources tested were: Po*!°—Be, outside 
dimensions | x | in. cylinder, originally containing 
about 100c of Po®#® mixed with beryllium and 
encapsulated at Mound Laboratory in September, 
1956; a 30-c Po*!°Be source, length and diameter 
about 1.8 cm encapsulated at Mound Laboratory in 
August, 1954; and a Po?-Be source, outside 
dimensions 2 x 2 cm cylinder, originally containing 
about 2 c of Po?®, mixed with beryllium and encap- 
sulated in March, 1953. The 100-c Po®!°—Be source 
was mounted in a permanent facility, but the others 
were mobile. The Po?®—Be source has also served 
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as a standard for several radiobiological experi- 
ments,‘°-!) and the 100-c Po#!°—Be source has been 
used as a chronic fast neutron source for studies, some 
of which have been briefly summarized by Upton‘? ; 
and others will be reported. 

The locales or scattering surroundings involved 
were: (1) a large, low scatter room (“‘hill’’) in which 
sources were placed on the axis of the detector at 
100 cm from its foremost face; (2) a “cup” that 
bolted on to the detector holding the source repro- 
ducibly at about 7 cm from the foremost face; and 
(3) a high-scatter chamber (“pit”) with 4-ft-thick 
concrete walls about 20 x 10 10 ft, inside of which 
sources were placed at 100 cm from the large detector 
or 145 cm from the small detector. 

Logarithms of counting rates were subjected to 
statistical analysis by the method of least squares, 
without weighting of observations, to obtain the half- 
life values as well as the corresponding analyses of 
variance to test for linearity. Additional analyses 
locales, Po?!9_Be 


sources, detectors, and half-lives for neutron emission 


provided comparisons of two 


vs. a-emission. Repeat determinations of counting 
rates performed on the same day are referred to as a 
set of observations and were treated as independent, 
although these usually included the same experi- 
mental variations in source positioning and neutron 
scattering. 

As TemMPLeTon'!®) indicated, decay of Po?’ samples 
is complicated by the presence of Po? with a 
maximum half-life of roughly 200 years.24) Martin 
et al.“ found that the efficiencies of production of 
Po?’ and Po? and their decay constants are such 
that the ratio of their initial «-emission is 720:4. 
Since both polonium isotopes emit «’s with about the 


same energy”?® and both have negligible y-emis- 
17) the expected neutron emission, E(t), at time 


t years after production of the isotope is: 


sions, 


A2081 22091 


where / is the usual disintegration constant for the 
We have thus corrected all the 
Po?’ data given here, using 100 years as the half-life 
of Po 209, (14,15,18) 
2400 days after production of isotopes) indicates that 
omission of this consideration would yield a half-life 
about 20 days longer. 
of this study were performed more than 2 years after 


designated isotope. 


A typical calculation (for 1000 to 


Since our first measurements 


production of the Po?®’, it seems unlikely that short- 


lived contaminants (e.g. Po*!) can be of significance, 


although in principle equation (1) should include a 
term for Po?!®. 

Soon after fabrication of the Po?°8—Be source, its 
neutron emission calibrated the Los 


was versus 


Alamos Ra-—Be standard source no. E-665. The 
source was recalibrated 2154 days later against the 
National Bureau of Standards primary Ra-Be photo- 
neutron standard source “‘NBS-1.”@% HucGues’s 
report’? on intercomparisons of neutron standards 
indicated good agreement between the Los Alamos 
and NBS standards. 

The sources have been handled with reasonable 
gentleness but without special precautions. The 100-c 
Po*!_Be source has been raised and lowered more 
than 1000 times in its facility; and the Po?®’—Be 
source has been removed from its storage shield, 
handled, and returned more than 300 times. 


RESULTS 

The eight half-life values and their 95 per 
cent confidence intervals resulting from these 
measurements are given in Table 1, which also 
gives the duration and number of observations 
and number of sets of observations for each 
half-life value. For comparison, the half-lives 
for the two polonium isotopes and statistical 
estimates of our best values for the neutron 
decay are also given. 


DISCUSSION 
Each of the last four accurate, independent 


values reported for the half-life of Po?! is very 


near 138.4 days.{*4-24 Our values for two 
Po?!°_Be sources are less than 2 per cent greater 
than this value and neither difference is by itself 
statistically significant at the 5 per cent level. 
For the 100-c source, measurements extended 
over a period of ten half-lives and the emission 
decreased by a factor of 10°. Statistically pooling 
the data for these two sources, we obtained an 
average about 0.7 per cent higher than the 
expected value. 

Results of the statistical F-test indicate signifi- 
cant deviations from linearity (i.e. exponential 
decay) for the two cases of the large BF, detector 
in the pit and suggest deviations for several other 
cases. However, the F-test is primarily depen- 
dent on the ratio of the variances determined 
from the deviations of the means for various days 
from those predicted by a least-squares fit to the 
sum of the variances of individual measurements 
on various days from their daily means. Thus an 
indication of nonlinearity can also be inter- 
preted as merely an indication that the variances 
from day to day in alignment and distance of the 
source, in amounts of neutron scattering from 
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Half-life 
| point estimate 
and 95 per cent 
confidence 
interval* 
(days) 


Sets 
of 


observations 


Number 
of 


observations 


Duration 
of measure- 
ments 
(days) 


Source Detector Locale 


Po?°8_Be, | c 


1852 
1420 
1335 
1192 
1307 
2154 


1024 
1018 + 
1053 + 
1024 
1013 
1090 
1041 


Large 
Large 
Large 
Small 
Small 
L.A. and N.B.S. 
Our best value § 
Po2°8, best value for 
“-emission 1058 + 


Pit 140.4 + 


Po?!0_Be, 20 c 
Po?!9_Be, 100 c 
Average for Po®!°—Be 


Large 
Large Hillt 
sources 
Po?!®, best value for 
a-emission 


139.1 


139.2 


138.4 


* Properly, the 95 per cent confidence intervals are not quite symmetric about the point estimates. Limits given 


here include the greater deviations from point estimates. 
¥ Parallel measurements of the Po?!® 
measurements. 
t Width of confidence interval uncertain. 
§ Does not include the LA—NBS calibrations. 


miscellaneous objects, and in amplifier gain or 
discriminator level produced greater variability 
than the variations in observed counting rates 
during a day, which for the strong sources and 
large detectors were very small. Because of this 
and because visual inspection of plots of the 
seven sets of data revealed only one questionably 
systematic departure from linearity, we doubt 
that the /-tests should be interpreted as proving 
nonlinearity in these data.* 

The statistical analyses also show that the 
standard deviation for an individual measure- 
ment was less than 5 per cent for every case and 
less than 3 per cent for all but the exceptional 

mentioned. This result furnished 
for statements made elsewhere®,1)) 


case just 
support 


* The exception was the case of the Po?®® source with 
small detector in the pit, against which were four plots for 
the same source without apparent systematic deviation 
from linearity. 


and Po*°8—Be sources were made on the same days throughout the hill 


about the precision of our fast neutron dosimetry 
in biological experiments. An attempt was made 
to determine whether these deviations were 
primarily daily deviations or deviations of daily 
means from the least-squares fits. As might be 
expected, the daily deviations, perhaps half of 
which arise from counting statistics, accounted 
for about 80 per cent of the total deviation for 
the measurements with the source in the cup 
(the most reproducible positioning and least 
subject to neutron scattering) and accounted 
for only from 20 to 50 per cent of the total 
deviation at the pit locale (which, because of the 
high scattering, probably is the most sensitive to 
variations in positioning and surroundings). 
We know of but three published values',14,25) 
for the half-life of Po?®*. Confidence limits for 
these experiments all overlap, the latest and 
most precise being 2.93 + 0.03 years (1070 + 
11 days). However, the preliminary value 
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obtained by JorpAN at Mound Laboratory for 
the half life of Po?°® by calorimetric measure- 
ments is 1058 days perhaps | day, and 
roughly 100 years for Po?®, His value is just at 
the lower limit of TEMPLETON’s range. JORDAN’s 
Po” sample and the Po” for our source came 
from the same production batch. 

All six individual Po?°*—Be neutron half-lives 
in Table | are within --5 per cent of JORDAN’s 
value, and four of the 95 per cent confidence 
limits overlap his value. ‘Two individual values 
and the statistical average of our values, how- 
ever, are significantly lower than his value by 
statistical standards. Possible artifacts that may 
cause these deviations include overcorrection 
for Po®®® contaminant, overestimation of the 
number of degrees of freedom since repeat 
measurements on a single day are not entirely 
independent values, and gradual drift in the 
sensitivity of the small detector. Drift of the 
large detector seems unlikely since the Po?!°Be 
values measured with this detector during the 
same time interval are if anything, too high. 

If this sensitivity S(t) of a detector has the 
exponential variation with time ¢, 

S(t S(O) et (2) 


where ¢ is a constant, the observed counting 
rate, R(t) at time ¢, produced by a source with 
decay constant A will be 


R(t R(O) eet (3) 


An independent indication of the sensitivity of 


the small detector is available through the 


frequent simultaneous use of this detector and an 


associated particle counter to monitor the 14- 
MeV neutron output of a Cockcroft—-Walton 
accelerator. ‘The system has been partially 
described elsewhere.!°:!”) Least-squares analysis 
of measurements, made on 87 days during the 
same 3-year period as these Po-—Be source 
measurements were made, yield, the 95 per cent 


confidence interval for the natural logarithm of 


the ratio of doses indicated by the long counter 
and the «-counter, In (L/«), as 


In (L/a 0.013 + 0.018 


where ¢’ is thenumber of days since 30 July, 1956. 
The linear fit of (L/) vs. t’ is very similar to the 


exponential fit given by equation (4). If this 


variation with time is real, exact and entirely 
attributable to the small detector, the half-life 
values can be corrected to about 1087 and 1075 
days, respectively, both of which are larger than 
the expected value. 

During its use, this small BF, detector, with a 
volume of about 10 ml, has given about 5 x 109 
counts but has not yet suffered the catastrophic 
deterioration described by SoBERMAN et al.‘?® 

As TocuiLin and ALves pointed out, varia- 
tions in the mechanical mixing of source pre- 
parations may yield slightly different neutron 
spectra.??) Our measurements give no infor- 
mation on this subject nor have we observed 
marked asymmetry as has been suggested by 
other workers, who used different sources.'4:2) 


CONCLUSIONS 

The half-life for fast neutron emission from 
three Po-—Be sources has been measured and 
agrees with the expected value for the x-emitter 
to within less than 2 per cent, even though one 
experiment was continued over a period of 10 
half-lives. Partly because these experiments did 
not fulfill certain orthogonality requirements for 
the rigorous statistical analysis and_ partly 
because an independent check of one detector 
suggested a small drift in its sensitivity, the hints 
of nonlinear decay and the indicated statistical 
significance of the small differences between the 
half-life of the polonium isotopes and neutron 
emission of Po—Be sources cannot be regarded 
as proved. 
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Abstract 


The use of a Frisch grid ion chamber and a 100-channel analyzer is described for 


identification and estimation of long-lived «-contamination in environmental samples. The 
preparation techniques are described for air, water and vegetation samples. Typical pulse- 
height graphs are presented for air and vegetation samples. 


1. INTRODUCTION 
SEVERAL 4%-emitters are present at the Rocky 


Flats Plant; identification and determination of 


these components by differential chemical 
analysis is feasible but expensive and time-con- 
suming. An alternative is «-pulse-height 
analysis. After the initial capitalization, it 
becomes an economical means of determining 
component activities. It is also a versatile tool 
and lends itself to numerous applications in 
bioassay, production problems, and research and 
development. This technique has been used at 
other AEC installations.“>?? 


2. DISCUSSION 
2.1. Instrumentation 

An «-particle pulse-height analyzer is an 
instrument designed to determine the energy 
spectrum of g-emitting samples. A graph is 
usually plotted from the data showing counts vs. 
energy in MeV of the «-particles. The data can 
be presented in a variety of ways, depending 
upon the type of analyzer. 

The H-100, an improved version of the 
original D. H. Wilkinson “‘kicksorter’’ and the 
LASL model-15 pulse-height analyzer, presents 
the data in terms of counts per channel. Each 
channel is read on a mechanical register. The 
H-100 is a 100-channel pulse-height 
analyzer consisting of a linear amplifier, coding 


“slow” 


* U.S. Atomic Energy Commission Contract AT (29-1)- 
1106. 


and timing circuits, register read-out and d.c. 
power supplies (Fig. 1). The analyzer is used 
with a Frisch grid ionization chamber. The 
counting gas is a mixture of 10°, methane and 
90°, argon. The chamber produces a 1-mV 
pulse for an z-energy of 5 MeV (Fig. 2). The 
sample is placed such that all the ionization 
occurs in the region G between the cathode and 
the grid. The grid is held at an intermediate 
positive potential with respect to the cathode. 
The collector plate is polarized through the 
large resistor R. When ionization is produced in 
the region G, the electrons drift towards the grid, 
and the positive ions in the opposite direction. 
During this phase, no charge is produced on the 
collector plate because it is screened electro- 
statically by the grid from the induced effect 
of the electrons and the positive ions. The 
electrons pass through the grid into the region H 
with only a very small percentage of the 
electrons being captured by the grid. In this 
region the electrons begin to induce on the 
collector plate a charge which rises from zero to 
the full value as the electrons move through the 
distance from the grid to the collector plate. In 
the same time the voltage pulse rises and is 
thereafter uninfluenced by the positive ions left 
in the region G. The magnitude of the total 
charge collected in the chamber is proportional 
to the initial energy of the «-particle and 
independent of «-particle track position. The 
gridded chamber provides 2 per cent resolution 
at half height, enabling qualitative and quantita- 
tive interpretation of a sample, for example, a 
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Fic. 1. H-100 block diagram. 


Fic. 2. Frisch grid chamber. 


mixture of depleted uranium and _ plutonium 
(Fig. 3). 

A new chamber is now being constructed to 
reduce the background contribution from the 
chamber walls and to decrease the likelihood of 
chamber-contamination resulting from flaking 
of active material from a sample disk. 

The chamber consists of a sensitive-volume 


cage suspended in a large gas-tight container. 
Thus, any sample-flaking or any activity in the 
container walls is outside the sensitive volume. 
The mechanical problem of transporting the 
sample without poisoning the large volume of 
gas has been solved by incorporating an arm 
which rotates the sample through an arc from a 
gas lock into position in the sensitive volume. 
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Fic. 3. Typical «-pulse-height graph. 


An interlock is provided to avoid accidental 
opening of the interior volume to the outside 
atmosphere. 


2.2. Sample preparation 

Pulse-height analysis requires that the activity be 
plated as a thin source on a conducting medium. A 
thick source will degrade the energies of the «- 
particles through self-absorption, which will in turn 
“smear”? the peaks and lower the resolution of the 
A non-conducting backing medium, 
such as filter paper, cannot be counted directly. This 


instrument. 


is because positive ions will accumulate on an 
insulated sample and build up a positive charge upon 
its surface. This raises the potential toward the anode 
and causes successive pulses of the same energy to be 
recorded in lower channels, or, in effect, destroys the 
resolution of the instrument. Fig, 4 shows a pulse- 
height analysis of a thick source 

Air samples are collected on Whatman 40 or HV-70 
paper. 
Whatman 40 followed by evaporation of the acid 
solution on stainless steel disks provide a thin source 
and near-quantitative recoveries of the activity. 

Water and vegetation samples can be analyzed by 
various solvent extraction or carrier techniques. We 
use a standard ether extraction procedure in which 
the digested inorganic salts present are dissolved in 
acidified aluminum nitrate solution 


and extracted 


Acid-leaching of HV-70 or acid digestion of 


with a small volume of diethylether. The ether layer 
is then transferred to a few milliliters of water, 
evaporated, and the resulting solution transferred to a 
counting disk. Over-all recoveries average 87 per cent 
for water and 60 per cent for vegetation samples.‘ 

Soil samples are treated as above with adequate 
results for our purposes. Silica destruction and 
fusions could be incorporated into the procedure for a 
more rigorous treatment. 


2.3. Pulse-height analysis 


Precision of a quantitative determination by 
pulse-height analysis depends upon counting 


statistics; thus the practical consideration of 
how much time to spend on any one sample 
becomes the limiting factor. The advantage of 
the method is that no operator attention is 
required. Low-level samples can be run all 
night or over a weekend to achieve a high 
degree of precision. 

In interpreting pulse-height analyses, the 
activity as related to the mass of each isotope 
must be considered. The «-energy of U*% 
which is the major isotopic constituent of en- 
riched uranium is 4.58 MeV, yet, since the 
activity of U**4 is much greater, a pulse-height 
analysis of enriched uranium will be seen as a 
single peak in the 4.76-MeV region (U4). 
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Fic. 4. Pulse-height analysis showing poor resolution due to a thick source. 


Similarly, depleted uranium will appear as a 
single peak at 4.18 MeV (U8) even though 
traces of the more active isotopes of normal 
uranium are present. 

The pulse-height analysis of normal uranium 
shows peaks of equal heights for U*84 and U*88 
(secular equilibrium). This presents a drawback 
in low-level contamination studies in that any 
contaminants present of the same 
magnitude as naturally occurring activity pre- 
vent an interpretation of the origin of observed 
uranium activity. 

Fig. 5 is an example ofa typical curve obtained 
from a sample of 10 dis/min counted for 5} hr. 
Plutonium accounts for about 20 per cent of the 
total activity. In this case we are unable to say 
too much about the remainder. The difference 
in height of the two uranium peaks may be real 
or merely statistical. That is, this portion of the 
activity may be all natural uranium, some 
natural uranium with additional depleted and 
enriched uranium contamination, or nearly all 
a mixture of depleted and enriched uranium. 

For extreme accuracy, the total contribution 
of each isotope is determined by comparing the 


order of 


areas under the respective curves. In most 
cases, however, a comparison of peak heights is 
sufficient for practical considerations. 

Figs. 6 and 7 are analyses of samples of about 
the same activity (2 dis/min) counted for 61 hr 
and 18 hr, respectively. The better precision 
obtained from the longer counting time is 
readily apparent; however, the shorter time was 
adequate to give a measure of the activities 
present. 

Two plots of the same air sample taken three 
days apart show that in the first determination a 
large number of counts in the excess channel 
were recorded (Fig. 8). These are due to radon 
daughter producis which had mostly decayed 
out by the time of the second count (Fig. 9), 
while the long-lived %-count remained constant. 

Channel width, in volts (V), is a function of 
the amplifier gain. Channel width in keV, 
then, is also a function of amplifier gain. Hence, 
the spectrum width per 100 channels may be 
varied by changing the gain according to the 
needs of the specific problem. 

The qualitative detection of such isotopes is 
still possible except in the case of a very small 
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Fic. 5. Vegetation sample, 10 dis/min in 5} hr counting time. 
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Fic. 6. Vegetation sample, 2 dis/min counted for 61 hr. 
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‘1G. 8. High-volume air sample analysis 14 September, 1957. 
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Fic. 9. Same air sample as Fig. 8 counted 17 September, 1957. 


amount (activity-wise) ofa lower energy «-count 
in the presence of a large amount of a slightly 
higher energy. In this case, the peak from the 
lower-energy %-count will be lost in the build-up 
of the other peak. 

Another limitation in practice is that even 
slight changes in the pressure of the gas in the 


chamber will cause a shift of peak location. If 


this occurs while counting a sample, the effect 
will be to broaden the various peaks or decrease 
resolution. 

CONCLUSIONS 


Within the limitations mentioned above, 
z-pulse-height analysis provides a convenient 
method of identification and estimation of the 
w-emitters present in a sample. Its 
advantage lies in the minimal operator time 
required as compared with differential chemical 
analyses. 
The 


addition to using it in environmental monitoring 


method is extremely versatile. In 


problems, it may be used as a tool in bioassay 


chief 


determinations, bioassay and analytical methods 
development, waste disposal problems, produc- 
tion development, and production control. 
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Abstract—Nuclear accidents have emphasized the need for a personnel meter with which the 
radiation dose may be determined accurately within a few hours. The badge-type dosimeter 
developed at ORNL fulfills this need. It contains an indium foil which permits the immediate 
segregation of anyone who may have had a medically significant dose of neutron radiation. A 
gold foil is used for thermal neutron measurement and sulfur is used for fast (>2.5 MeV) neutron 
measurement. To be meaningful the gold and sulfur measurements must be correlated with 
the Threshold Detector Units of the type reported by Hurst. The film used in this badge is 
DuPont type 553 for B-y measurement and Eastman Type A for neutron measurement. 
Provision is made in the badge for the incorporation of a chemical dosimeter and a silver 
phosphate glass dosimeter for the measurement of y-radiation. 


I. INTRODUCTION 
RECENT nuclear accidents have emphasized the 
need for a personnel metering system which 
effectively and accurately determines, within a 


few hours, the neutron and y-radiation dose 
received by persons in the vicinity of such 
accidents. 

Although film dosimeters of various types 
have been used for many years, film dosimetry 
has some undesirable characteristics: the photo- 
graphic emulsion is light sensitive, the response 
is photon energy dependent, and is relatively 
unstable under adverse circumstances. Fortun- 
ately, most of these objections have been 
minimized by the proper application of film 
dosimetry techniques. Energy dependence, 
which is probably the most difficult problem in 
film dosimetry, has been circumvented satis- 
factorily by using a system of filters properly 
arranged in a package or “badge” which 
contains a film packet.“ 

Most film dosimeter combinations include two 
packets of emulsions: one packet is used for p—y 
dosimetry; the second for neutron dosimetry. 
Although f—y dose estimates can be made over a 
wide range of several hundred rads, neutron 

* Operated by Union Carbide Corporation for the U.S. 
Atomic Energy Commission. 
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dose estimates are limited to a maximum range 
of approximately 10 rads. Consequently neutron 
dose in excess of 10 rads must be determined by 
other methods. 

In many cases the film dosimeter includes a 
security identification feature. This permits one 
device to serve two general functions—that of 
monitoring and that of security applications. 
This dual function is particularly advantageous 
in that it assures that the film dosimeter is worn 
by all personnel that are likely to be exposed to 
ionizing radiation. 

The new ORNL Badge Dosimeter includes 
materials which permit measurement of mod- 
erate to high level neutron exposures and the 
immediate identification of those persons who 
may have received significant doses due to 


neutron and/or y-radiation. 


Il. BADGE DESCRIPTION 

Model I of the ORNL badge dosimeter 
introduced at ORNL in the spring of 1958 
utilizes a case of butyrate plastic and, when 
fully assembled, weighs approximately 33 g. The 
over-all dimensions of the badge assembly are 
approximately 2% in. 1? in. X & in. This 
model provides a compartment for two dosi- 
meter films and a slide arrangement for film 
containment. There are four filters in the front 
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of the badge as follows: (1) A combination filter 
of 0.020 in. plastic, 0.015 in. cadmium, 0.005 in. 
gold, 0.015 in. cadmium and 0.012 in. plastic, 
in that order; (2) a combination filter con- 
sisting of 0.020 in. plastic, 0.040 in. aluminum 
and 0.012 in. plastic; (3) a third filter of 0.082 
in. plastic; and (4) a “‘window”’ of 0.020 in. 
plastic. There are two filters in the back of the 


-—PLUG 
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{}—Au FOIL 


Uy 


LeILM PACK 


Fic. 1. 


badge which include: (5) a combination filter 
of 0.052 in. plastic and 0.010 in. lead; and (6 


a single filter of 0.062 in. plastic. A }-g rod of 


elemental sulfur and a ¥%-in. diameter, 0.005-in. 
thick gold foil are in a cavity in the slide. An 
indium foil, 1} in. Lin. x 0.015 in. thick and 
perforated with an identification number, is 
located in the front of the badge. The laminated 
security pack (see Fig. 1) completes the 
assembly. 
Model II of the ORNL badge dosimeter 
(Fig. 2) replaced Model I. It includes certain 
“convenience” features: (1 
insert with a magnetically operated latch, (2) a 
sulfur pellet rather than a sulfur rod, (3 
provisions for chemical and silver phosphate 
glass dosimeters, (4) the capability of parts 
salvage for re-issue and (5) convenience features 
which allow increased efficiency in assembly. 


a tamper-proof 


III. DOSIMETRY APPLICATIONS 

The four filters in the front of the badge and the 
two filters behind the film packets provide data to 
determine the f—y dose.'?) DuPont packet 553 is used 
and is found to have a normal “‘hard”’ y-dose range of 
0.030-500 rads. Routine neutron dosimetry is accom- 
plished through use of Eastman Type-A film which is 
found to have a maximum usable range of approxi- 
mately 0.020-10 rads from 3 MeV neutrons.) The 
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Model I of the ORNL badge dosimeter (1958). 


ability to interpret high level neutron exposures 
depends upon concurrent use of stationary Threshold 
Detector Units (TDU) developed by Hurst et al.‘ 
The TDU provides an estimate of the neutron spectra 
in five energy regions. The thermal flux is deter- 
mined by the difference in activation between two 
gold foils, one of which is surrounded by cadmium. 
The fast flux and energy distribution are determined 
by fission and activation analyses of Pu®®9°, Np?8?, 

238 and a S*2 pellet which together provide 
measurements of the flux above | keV, 0.75 MeV, 
3 MeV and 2.5 MeV, respectively. ‘The total 
neutron dose is calculated from the flux determination. 

Fig. 3 shows the fission cross-sections of Pu8¥, Np?4? 
and U8, and the S®? (n, p) P%* cross-section. ‘To 
avoid thermal neutron activation of the Pu?8®, Np?37 
and U?38, qa Bl° “shield” (Fig. 4) is used. The B! 
shield presents the same thickness to any incident 
neutron. The cavity is lined with 0.025 in. cadmium 
to capture neutrons which may be moderated by the 
boron. 
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Fic. 2. New health physics multi-purpose badge meter. 


TDU’s, along with y-radiation dosimeters, are 
located in fixed positions in areas where nuclear 
accidents are considered possible. They are placed 
so that the neutron and y-environment of the accident 
may be reconstructed. The sulfur and gold com- 
ponents of the badge are activated by neutrons such 
that counting techniques permit determination of the 
thermal neutron exposure from the two gold foils, and 
high energy (greater than 2.5 MeV) neutron expo- 
sure from the sulfur. The counting procedures are 
performed with the same counters used with TDU 
analysis. Exposure to intermediate energy neutrons 
is determined by normalizing the data from the badge 
to that of the TDU located in the vicinity of the badge 
wearer, or by fitting the data from the badge to the 
spectrum at the point of exposure, if such is known. 


IV. LIMITATIONS 
The badge alone is not an absolute neutron 
dosimeter; however, the dose to the badge may 
be determined, and the badge is closely asso- 


ciated with the person on whom it is located. 
The interpreted dose will be a function of the 
relative orientation of the badge with respect to 
the source of radiation. In theory, the badge 
accompanies the person throughout the exposure 
interval and receives a dose proportional to that 
received by the person. Errors in dosimetry due 
to lack of knowledge of relative orientation 
during exposure of source, person and badge can 
be reduced by increasing the number of dosi- 
meters on the person. However, there are 
administrative problems associated with wearing 
multiple badges. One proposed supplement to 
the badge and TDU system includes a belt which 
contains, in its structure, small detectors which 
would be located at 60 to 90° intervals about the 
midsection of the wearer. The belt affords 
information which would permit a more 
accurate determination of tissue doses. When 
used alone, the badge should be worn in the 
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chest region because of the reduced attenuation 
by the thoracic cavity and because of proximity 
to the lens of the eye. 


V. EMERGENCY PROCEDURE 


Immediately following a nuclear incident, 
those persons who may have received a signifi- 
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CADMIUM 
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cant exposure to neutrons may be segregated 
easily by measuring the radiation of the acti- 
vated indium foil in the badge. (Indium-115, 
which constitutes 96 per cent of that occurring 
naturally, has a thermal neutron activation 
cross-section of 145 barns. The resulting In" 
has a half-life of 54 min.) Experimental work 
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performed by ORNL Applied Health Physics 
Sections indicates that the badge containing 
approximately 0.4 g of indium will show a 
sizeable response on a G—M survey meter for at 
least 3 hr following a neutron exposure which 
includes 2 or more rads of thermal neutrons 
incident upon the body. Dose rate readings 
obtained from two commonly used survey-type 
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that some measure of the dose may be determined 
early. Normally, a film processing laboratory 
such as that maintained at ORNL can identify 
dosimetry films exposed in excess of 5 rads of 
y-radiation at a rate of 500 or more per hour. 
Blood sodium activation analyses may be 
initiated by medical personnel at this time. 
When fully developed and made available for 


Table 1. Badge dose rate readings resulting from neutron exposures 


First Collision 


Neutron exposure dose 


104n ,/cm? 


100 rads ny + 10"%n,/em? | 102 


109n,/cm? 0.02 + 0.002 


* Peak dose inside body.‘® 

+ Readings taken with ORNL Cutie Pie. 

t Readings taken with Victoreen model 389C probe, 
was 2 to I. 

Note: The counting rate, with the TDU counter, of the 
mately 50,000 c/m. 


instruments following neutron exposures are 
shown in Table |. 

Badges were exposed in the ORNL Graphite 
Reactor to obtain the exposures noted, which 


were determined from coincident exposure of 


foils and threshold detectors. The first collision 
rad doses were obtained from NBS Handbook 
63.) The instrument readings were obtained 
with the indicated instruments at times sub- 
sequent to the mean time of exposure (#7) in 
hours. 

As soon as possible, badges of all persons who 
may have been involved are monitored with a 
portable G-M survey meter. Based upon 
counting rates and elapsed time since the 
incident, persons whose badge reading indicate 
an exposure greater than 25 rads are referred to 
the Medical Unit as “‘significant’’ exposure 
cases. Further analysis of the films, foils, etc., in 
the badge will be started immediately in order 
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shield closed; 


Instrument reading at “‘contact’’ with badge 
in mr/hr (radium equivalent) 


H+1/2hr H4+2hr H+3hr H+6hr 


150¢ 40+ 20t 3+ 


220+ 70+ 20+ 5t 


3+ 


the shield open to shield closed reading ratio 


bare gold foil, 24 hr after exposure to 10"n,/cm?, is approxi- 


such applications, y-dosimeters (of the chemical 
or phosphate glass type) will be provided and 
used in the procedure for rapidly determining 
the highly exposed individuals. 


VI. SUMMARY 


The ORNL badge is a small, lightweight, 
durable, personal dosimeter. It weighs approxi- 
mately 33 g, fully loaded, and the dimensions 
are approximately 2} in. fin. X 7 In. 

The badge utilizes films for routine monitoring 
and films plus foils, phosphate glass and 
chemical dosimeters for high level (accidental) 
exposures. Indium and gold are used as indi- 
cators for exposures following neutron accidents. 
For neutron dosimetry, the badge must be 
supplemented with Threshold Detector Units. 
The combined dosimetry and security features 
of the badge minimize administrative problems. 
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RADIOACTIVE FALLOUT MATERIAL—I 
ESTIMATION OF y- AND s-DOSES 
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Abstract—a~n estimate of the contact $-dose-rate and the y-dose-rate both at the surface and 
within the body due to radioactive fallout contamination was made. The y-dose-rate at ex- 
ternal distances of from 0.01 to 30 cm from the contaminated body surface was estimated and 
correlated with the associated surface f-dose-rate. The surface-f-dose to an individual con- 
taminated to the same extent per unit surface area as the surrounding field was compared to 
the y-dose at 1 m above the surrounding area. For the case in which there is one photon of 
1 MeV energy per disintegration the surface /- dose was found to be about forty times the 
>-dose at 1 m above the infinitely large contaminated field. 


INTRODUCTION 


WHEN a person is exposed to radioactive fallout 
from a nuclear detonation, he will be contami- 
nated with materials which emit both /- particles 
and y-rays. An estimate of the contact /-dose- 
rate and the y-dose-rate to the individual both 
at the surface and within the body appears 
necessary in evaluating total contamination 
hazards to personnel. An estimate of the y- 
dose-rate at external distances of 0.01 to 30 cm 
from the body surface is also of importance in 
correlating measured y-dose-rate with the as- 
sociated surface /-dose-rate. Such estimates 
would permit assessing the contact /-dose to 
personnel on the basis of y-ray surveys made at 
various distances from the surfaces of the body. 


SURFACE §-DOSE-RATE AS A FUNCTION 
OF SPECIFIC ACTIVITY 
The surface /-dose-rate may be estimated, 
both experimentally and theoretically, assuming 
a uniform distribution of contamination over 
a | cm? plane surface. 


* Present address: California Forest and Range Experi- 
ment Station, P.O. Box 245, Berkeley 1, California. 

+ The opinions or assertions contained in this article 
are the private ones of the writer and are not to be 
considered as official or reflecting the views of the Navy 
Department or the Naval Service at large. 


Experimental 

An estimate of the surface /-dose-rate from a 
known concentration of fission product activity may 
be made on the basis of experimental results with the 
14d radioisotope, P®* (average f-energy = 700 keV). 
Although P* is not a fission product, its /-ray spectrum 
is usually regarded as a reasonable approximation of 
the spectrum from fresh mixed fission products.“ 
In determining the surface dose-rate for a plane sur- 
face contaminated with P®? at a concentration of 
| uc/cem?, Low-Brer™) obtained a value of 5.05 
For a similar experiment, Raper et al.) 
The average of these two 


reps/hr. 
obtained 5.95 reps/hr. 
values, 5.5 reps/hr probably represents a reasonable 
approximation of the dose-rate produced at a surface 
by | yc/cm? of fresh fission product contamination. 


Theoretical 

A theoretical calculation of the 
from 1 yc/cm? of mixed f-contamination de- 
pends upon an estimation of the exact energy 
distribution of the f-radiation. The dose-rate 
is a function of the number of ion pairs per 
centimeter produced by each disintegration. 
The specific ionization, J, for f-radiation varies 
inversely with the square of the velocity of the 
f-particle (in terms of the velocity of light) and 
is quite well represented for electrons between 
0.06 and 1.6 MeV by the simple relation 


dose-rate 
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Table 1. Velocity and specific ionization for 
electrons of various energies* 
Velocity, v Specific 

fraction of 
the velocity of 


ionization, J 
ion pairs/cm 


f-Energy E 
(MeV 
light, « of air 


0.0001 
0.00015 


0.0198 0 
0.024 7700(maximum 
0.195 1100 
0.413 260 
0.548 150 
0.863 60 
0.941 50 
0.979 45 
0.989 45 
0.993 45 
0.996 45 


* Values taken from FrRrmeDLANDER and KENNEDY"). 

I = 45/v® ion pairs per cm of dry air at 20°C 
and | atm. At energies above 1.5 MeV (3m,c?), 
theory predicts that the ionization losses should 
rise very slowly, by only 60 per cent between 
1.5 and 500 MeV (approximately in proportion 
to the logarithm of the energy). The relation- 
ship between /, v and the energy of the electron 
is given in Table 1. 

To obtain the actual ionization produced 
above a uniformly contaminated surface, a 
folding factor must be applied to account for 
the tortuous path of the f-particle. According 
to PARKER‘® the number of ion pairs per centi- 
meter of linear path in air produced by fast 
f-particles is 75. From this number and the 
definitions of the microcurie and the roentgen 
equivalent physical, one may calculate 


(75) (3.7 « 104) (3600 


2.4A, 
(1) 


where 
I, $-surface-dose-rate (reps/hr) 
A the activity of the fission-product con- 
tamination (c/cm? 
It may be seen that this value, calculated for 
fast [-particles, is appreciably less than the 


How- 


experimental value obtained with P*?. 
ever, since P®* (and mixed fission products) 


contain a considerable proportion of low-energy 
f-particles, the total ionization produced is 
expected to be somewhat higher* than the value 
using 75 ion pairs/em. To correspond to the 
experimental value of 5.5 reps/hr for 1 yc/cm?, 
the specific ionization of the /-mixture would 
have to be about 170 ion pairs/cm of linear path. 
Such a value corresponds to the ionization which 
would be produced by monoenergetic /-radia- 
tion of about 0.2 MeV. As would be expected, 
this energy value is considerably lower than the 
average energy of the /-particles from either 
P®? or a fission mixture. In the production of 
surface ionization, the importance of the low- 
energy /-particles is increased considerably out 
of proportion to the number of such particles. 
If one considers the effect of low-energy /p- 
particles in this way, it would seem that the 
experimental value for the surface dose-rate for 
fission-product /-contamination as obtained 
from the equation 


I, = 5.54, 


p 


is not unreasonable. 


y-DOSE-RATE ESTIMATES 
Estimates are presented here of the internal, 
surface and external y-dose-rate produced 
by radioactive substances deposited uniformly 
on a human body. Equations are presented in 
the form 


I, = ppkf(m)AE (3) 


Klein—Nishina energy absorption 

coefficient (3.5 « 10-5 cm~! used 

in this report) 

dose-rate (r/hr) 

a constant (1.44 x 10-° r/MeV 

times 1.332 x 10° dis/hr per pc) 

f(u)depends upon the total linear 
absorption coefficient 

A = the specific activity (yc/cm?) 


E = the y-energy (MeV/photon) 


where fy 
i 4 


Such an equation is strictly applicable only for 


* If one takes the experimental spectrum of P**? and 
extrapolates to zero energy on a Fermi plot, one obtains 
a value slightly greater than 100 ion pairs/cm. However, 
the actual value would be greater than this calculated 
value because of degradation to lower f-energies by the 
finite mass of the source. 
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the case of a monoenergetic y-emitter. However, 
except in a few special cases considered below, 
Mpf(m) is constant within 10 per cent for y- 
energies from 0.2 to 1.5 MeV. Thus, equation 
(3) may be rewritten in the form 

I, = KAE (4) 
in which K = ppkf(p). 

For atomic-bomb debris, an average y-ray 
energy may be used as an approximation to the 
true y-energy distribution of the radioactive 
mixture. Equation (4) may then be replaced 
by either of the following two equivalent 
equations: 

I, = KA,E, (4a) 
or 
I, = KA,E, (4b) 


where 


, = average y-energy per photon 

A, = y specific activity , 

Ff, = average y-energy per radioactive dis- 
integration 

A, = specific activity of mixed atomic-bomb 


debris 


The universal equivalence of equations (4a) and 
(4b) must be maintained, for if N is defined 
N = A,/A,, then £, = NE, by definition, and 
AE, = A,f,. 


? 


Dose-rates at the center of a contaminated body 


The dose-rate at the center of the human body 
was estimated in two ways: by representing the 
human form first as a cylinder of water, and 
second as a rectangular block of water. Water 
is expected to be a reasonable simulant since 
the density of the human body is almost unity. 
The values obtained by these two methods agree 
within about 15 per cent of the average of the 
two values. 


Dose-rate at center of cylinder of water 15 cm in radius 
and 200 cm in height 


The dose-rate at the center of a cylinder of 


water of radius of 15 cm and length 200 cm, the 
surface of which is uniformly contaminated 
with a monoenergetic y-emitter, may be 


5 


obtained from TEREsI and Broipo"”): 


bat 
[ (e—“Bsec?) dd — Ei(—pL) 


v0 


I, = ppk AE | 


+ Bi[—pr/(L? + Re)}| (5) 


where 


t = (3.5 x 10-5)(1.44 x 10-5) (1.332 
= 6.7 x 10-* 
= semi-length of the cylinder = 100 cm 
= radius of the cylinder = 15 cm 
= tan! L/R = §1.5° 
= total linear absorption coefficient of 
water (7 x 10-* cm™ for a 1-MeV 
gamma) 
= tan~!//R, where / is the distance along L 
[,, A and E have been previously defined 
and — Ei(—w) is the actual mathemati- 
cal notation for the exponential integral 


< 108) 


in which, for this case, 


y = pL sec yp, where y = tan r/L and r is 
the distance along R 


Substituting numerical values, equation (5) 


reduces to 
I, = 0.02AE (6) 


Dose-rate at the center of a 40 x 20 x 200 cm 


rectangular block of water 


The center is irradiated by contamination 
uniformly distributed over two rectangles 200 
40 cm, 10 cm from the center; two rectangles 
200 «x 20 cm, 20 cm from the center; and two 
rectangles 20 x 40 cm, 100 cm from the center. 
Because of their small size and their distance 
from the center, the last two rectangles (the top 
and bottom of the rectangular phantom) contri- 
bute a negligible amount to the total dose. To 
take advantage of established equations of 
radiation intensity from contaminated circular 
disks given in the literature,’ the other four 
rectangles were converted to equivalent circles 
by using a method found suitable for rectangles 
having dimensions encountered here. This 
method involves the use of a harmonic mean 
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technique to obtain the radius of the equivalent 
circle represented as follows: 
2ab 
n @ -3 b 

where 

R = radius of equivalent circle 

a = half the length of the rectangle 

b = half the width of the rectangle 
Thus, for the 40 « 200 cm rectangle, 


R, 33.4 cm 


and for the 20 « 200 cm rectangle, 


Using the equations given by PARKER'®), the 
following expression for the dose-rate at the 
center of the rectangular block of water may be 


obtained: 
10-*) [Ei — w,/ (Ay? 


Ei(— p,,h,)] 10-2 


My \/ (hg? + Re?) — Ei(p,,ho)]) (8) 
where fA, and /, are the perpendicular distances 


from sides to center. Substituting numerical 


values, 
0.027AE (9) 


Dose-rates at various distances from the surface of the 


bod) 


For the determination of the y-dose-rate at the 
surface and at distances from the 
surface, the technique described above is used. 
In the second case, the absorbing medium is air 
and the absorption coefficient of air (8 
10-5 cm for a 1-MeV is substituted 
for the absorption coefficient of water. The 
equations break down where h 0; therefore 
the surface dose must be approximated by 


various 


gamma 


assuming a reasonably small value for h. Since 
the non-sensitive, outer, cornified layer of human 
skin is approximately 0.1 mm thick, this distance 
was chosen for the approximation to the surface 
dose. For this distance, the calculation was 
made using yu for both air and for water. The 
latter value gives an estimate of the dose to the 
the skin. The 


sensitive papillary layer of 


calculation may be illustrated for a height 0.01 
cm above the front or back surface (R, = 33.4 
cm) as follows: 
I, = 3.35 x 10-*AE [Ei{—p,v/ (hk? + R?)} 
— Ei(—p,h)] (10) 


Substituting numerical values, J, = 0.27AE, in 
which 0.27 = K of equation (4). The contribu- 
tion from the opposite and adjacent sides was 
found to be negligible (<5 per cent). Values of 
K for an internal distance of 0.01 cm and seven 
external distances ranging from 0.01 to 100 cm 


Table 2. 


Values of K as a function of distance 
Srom a rectangular phantom 


R, = 18.2 cm 
(rectangle = 
20 x 200 cm) 


R, = 33.4 cm 
(rectangle = 
40 «x 200 cm) 


h 


(cm 


K 
0.01 cm* 0.22 
0.01 0.27 
0.1 0.19 
5 0.064 

15 0.029 

20 0.022 

30 0.013 


100 0.0017 100 0.00055 


* 0.01 cm within surface. 


from the two sizes of rectangles comprising the 
phantom were calculated and are tabulated in 
Table 2. 


y-Ray doses from contaminated circular areas of 
various Sizes 

The estimates given in the previous paragraph 
are based on the assumption that the con- 
tamination is distributed uniformly over the 
surface of the body. In the practical case the 
activity will most probably not be uniformly 
distributed, but rather will concentrate in 
certain collecting regions such as the neckline 
and the beltline. Consequently, it is of interest 
to calculate how such nonuniform distribution 
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will influence a survey measurement of a con- 
taminated individual. For an estimation of this 
effect a survey distance of 15 cm (approximately 
6 in. from the body) was assumed, and the 
contamination was assumed to be localized in 
circular areas of various restricted sizes. In 
Table 3 are values of K (as previously defined) 
for contaminated circles of radius ranging from 
2 to 10cm. Also shown are the two equivalent 
circles representing uniform contamination over 
an entire side or front surface of the rectangular 
phantom. 

As can be seen in Table 3, a change in radius 
from 2 cm to the radius representing the large 
side of the rectangular phantom (33.4 cm) 
changes the dose-rate by a factor of 100 (0.3 x 
10-3 to 29 x 10-% r/hr for unit specific activity 
and for 1 MeV). 


Dose-rates from a large contaminated field 


Routine measurements of fallout dose-rates 
are made at a height of | m above the surface 
of the contaminated area, using an instrument 
which measures only y-radiation. It is of 
interest to estimate such a dose-rate in terms of 
the concentration of active material on the area. 
This estimate may then be used to show the 
relation between doses from body contamination 
and from extended contaminated areas (infinite 
field) occupied by contaminated personnel. 
The dose-rate at 1m above a large homo- 
geneously contaminated plane is given by 


I, = 3.35 x 10-°AE[—Ei(—,h)] (11) 


In this case, the value for K changes approxi- 
mately 40 per cent in going from 0.2 to 1.5 MeV 


Table 3. Values of K for contaminated circular 


areas of various sizes 


Radius 


Pea K x 103 


Table 4. Values of K as a function of y-energy 
for the case of contamination distributed over an 


infinite field 


| K at center 


K at surface | 
of individual 


of individual 


0.019 
0.031 
0.050 
0.069 


0.11 
0.13 
0.14 
0.15 


y-energy. The values are listed on Table 4 for 
various energies. 

Values given in column 2 of Table 4 are 
related to the dose-rate on the surface of the 
contaminated individual. In calculating the 
dose-rate within the body due to radiation 
emanating from a contaminated field, one may 
assume exponential absorption following the 
equation 

I, = Ip-™ (12) 
where | 

I, is the surface dose 

is the absorption coefficient of water 

d is the distance from the surface of the body 

to the center 
Values of K for y-radiation of various energies 
representing the dose at the center of a cylindri- 
cal body 15 cm in radius are given in column 3 


of Table 4. 


INTERRELATIONSHIPS 

It is of interest to compare the y-dose-rates to 
which an individual would be exposed from 
surface and field contamination. Also of interest 
is the comparison of the f- and y-dose-rates* 
associated with body surface contamination. 
Since it is extremely difficult to measure the 
surface /-dose directly, it is of particular interest 
to be able to estimate the surface f-dose from 
y-dose measurements. 


Relative importance of surface and field y-dose-rate 


As may be seen from comparison of the values 
of K given above, the value of the surface dose- 
rate due to contamination of the individual is 


*In this paper we are considering only the f- and 
y-dose rates, not the relative hazards (see Brorpo'”), 
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comparable with the dose-rate from an in- 
finitely contaminated field (in fact, for equal 
specific activities, it is somewhat higher than 
this dose-rate). Within the body it may be seen 
that, except for the softest y-rays, the dose-rate 
is appreciably higher as a result of radiation 
from a large contaminated field than from 
contamination of the entire surface of the body 
with activity at the same concentration. The 
value of the dose-rate from body contamination 
becomes even less important for the realistic 
situation in which personnel are not uniformly 
contaminated over the body surface. For 
example, if half the total body surface is con- 
taminated (a reasonable maximum), the dose to 
the center from body contamination would 
represent only 15-35 per cent of the total 
y-dose to the center. In most cases, the con- 


tamination will be distributed over relatively 
small areas of the body surface so that the total 
body y-dose from body contamination is ex- 
pected to be small compared with the dose from 


the large contaminated field. 


Estimation of surface B-dose-rate from y-measurement 


For this purpose it is necessary to know the 
value of NV, the number of f-disintegrations per 
y-photon emitted. For the calculations pre- 
sented here, N will be assumed to be unity. A 
common estimate® of N for several-day-old 
fission-bomb debris is approximately 2. For 
these cases the ratio of fy dose calculated 
below should be doubled. 

(a) Surface P-dose from y-dose 1 m above large 
field. If one assumes that an individual caught 
in a contaminating event is contaminated to the 
same extent as the surrounding field (that is, that 
the contamination per square centimeter on the 
individual is identical with that in the general 
field), the routine y-survey data may be used to 
estimate the surface f-dose to which such an 
individual will be exposed. Assuming N = | 
and EF 1 MeV, one may calculate that 

I, 5.5A 
—— ~ 40 
iy 0.144 


Thus the /-dose at the surface of the contami- 
nated individual would be approximately forty 


times the y-dose measured 1m above the 
infinitely large contaminated field. 

(b) B-y dose on the front surface of a contaminated 
individual. Making the same assumptions as in 
the paragraph directly above, one may calculate 
the ratio of B—y surface dose due to contamina- 
tion on the front (or back) surface of an indivi- 
dual to be 


~ 20 (14) 


Comparison of B-dose with total y-dose. From the 
ratios given above, it is seen that an individual, 
uniformly contaminated in an extended con- 
taminated field, who receives a surface y-dose 
from the field of D,,”, will receive, also, a surface 
y-dose from the material deposited on his body 
of about 2D”. The total y-dose at the surface 
of the body, then, during his stay in the con- 
taminated field, will be three times the integrated 
y-reading obtained at 3 ft from the contaminated 
plane. Under these conditions, the beta surface 
dose is expected to be only about thirteen times 
the total surface y-dose. It must be pointed out, 
however, that for the 1 MeV gamma, the dose to 
the center of the body from body contamination 
is only about half the dose to the center from a 
large contaminated field. Consequently, the 
effective y-dose to uniformly contaminated 
personnel in a contaminated field would be 
approximately 1.5 D,*®. The y-contribution of 
body surface contamination would decrease even 
further for the expected case of only partial body 
contamination. 
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Abstract—The principles of response surface methodology, and in particular the method of 
the path of steepest ascent, have been employed in an attempt to discover those combinations 
of: (a) dose of Grundite clay, (b) particle size of clay, (c) excess soda ash and (d) proportion 
of stoichiometric requirement for lime, which will remove the greatest amounts of Cs!87 and Sr® 
from ORNL process wastes. 

The method of steepest ascent is a relatively new statistical technique which is applicable to 
experimentation in which the variables are measureable on a continuous scale. As such it is 
particularly useful for optimizing chemical processes and in fact found its first application in the 
chemical industry.”’ This paper describes a successful application of the technique to the 
optimization of radionuclide removals by a chemical process. 

Laboratory experiments performed to date in accordance with these principles have led to 
combinations of the treatment variables which remove up to 95 per cent of the Cs!®’ and 96 per 
cent of the Sr®°. The largest removal of Cs!*7 occurred at 600 p.p.m. clay of 200-mesh, 470 
p.p.m. of excess soda ash and 1.4 times the stoichiometric amount of lime. The removal of Sr*? 
was largest at 360 p.p.m. clay of 200-mesh, 520 p.p.m. excess soda ash and 2.5 times the 


stoichiometric amount of lime. 
INTRODUCTION 
At tHE Oak Ridge National Laboratory, a 
waste treatment plant for the processing of low- 
level wastes in large volume has been in operation 
since 1957. The plant has been successful in 
substantially reducing the amount of radio- 
activity contained in the waste material 
discharged into the surrounding area.) In an 
effort to improve the process further, an explora- 
tory program of laboratory experimentation was 
conducted, the object of which was to locate the 
optimum point of operation for the waste 
treatment plant. This paper is an account of the 
experimental program. 


1. THE WASTE TREATMENT VARIABLES 
At ORNL the waste treatment plant is 
wastes by a_ lime-soda 


designed to process 


* Operated by Union Carbide Corporation for the 


United States Atomic Energy Commission. 


softening principle. ‘To the radioactive wastes 
are added lime and soda ash for the purpose of 
removing Sr®°, and, for removing Cs!*’, certain 
amounts of clay are added to facilitate precipi- 
tation. 

The variables in the experimental program 
were accordingly: 

(i) lime added, as a proportion of the 
stoichiometric requirement; 

(ii) excess soda ash (in p.p.m.) ; 

iii) p.p.m. of clay per dose; 

(iv) particle size of clay added. 

The plant will also accommodate the addition 
of doses of calcium chloride to the influent and 
can be operated by recycling sludge through the 
system. In a previous series of experiments, 
however, calcium chloride dose and recycled 
sludge appeared to exert little influence on the 
removal of Sr®° and Cs!8?. Therefore, these 
were not included as variables in the experi- 
mental program now being described. 
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2. REMOVAL OF RADIONUCLIDES AS A 
RESPONSE SURFACE 

The efficiency of the waste treatment plant 
may be measured by the percentage of radio- 
nuclides removed from the waste. The per cent 
removal of Sr® and the per cent removal of Cs!87 
are two measures of the efficiency of the waste 
treatment process. Obviously, each measure is a 
function of the four treatment variables listed in 
Section 1. 
strontium removed by the process and », stand 
for the percentage of cesium removed. Also let 
x, be a proportion of the p.p.m. of lime required 
to combine with the carbon dioxide carbonate 
hardness and magnesium hardness (i.e. stoichio- 
metric requirement), x, be p.p.m. of excess soda 
ash, x, the p.p.m. of clay added and x,the particle 
size of the clay, measured by the size of mesh 
through which the clay can pass. The efficiency 
of the treatment process may be expressed then, 
as 


Ve = Sy (%q> Xe Xe» %q) 


Vo =SFe(%1> ¥as Xgo %q) 


(2.1) 


a 


The forms of f, and _f, are, of course, unknown. 


But equations (2.1) describe two response 


Fic. 1. ‘Two-factor response surface. 


Let », stand for the percentage of 


surfaces, one for Sr®° and one for Cs!**. The 
response, y,, for example, might be plotted over 
the four-dimensional “plane” (hyperplane is a 
better word) of x,, x,, x, and x, and thus would 
describe a surface representing the per cent 
removal of strontium. 

Responses over four-dimensional hyperplanes 
cannot be plotted conveniently on a plane, of 
course, but if there were only two independent 
variables, x, and x,, for example, the response 
could be plotted as contours of equal response 
as in Fig. 1. In Fig. 1, the shape of the contour 
lines would be determined by the function, 


FT (x1, Xg), if it were known. 


Knowledge of the forms of f, and _/, would be 
very desirable, but it is not necessary. The 
purpose of the experimental program was to find 
the point of highest response on the surface in 
terms of the variables x,, x2, %3, xy. An approxi- 
mation to the functions f, and f, might very well 
suffice. 


3. LINEAR APPROXIMATIONS TO THE 
RESPONSE SURFACES 
The techniques employed in locating the 
points of optimum efficiency were very aptly 
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described by Box and Wirson™ in 1951. Basic 
to the application of the techniques is the ability 
to expand the unknown function in a Taylor 
The expansion may be 


series expansion. 


written 


4 
HY bint eXj%, (3.1) 
i,j,k=1 

Equation (3.1) is an infinite series, of course, but 
various approximations to the function f may be 
obtained by truncating the series at different 
points. The simplest (and often the crudest) 
approximation is obtained by dropping all terms 
involving the x’s in quadratic terms and higher. 
The result is a linear approximation, 


4 
Sf = b + 2 bax 


which represents a first approximation to the 
surface and is actually a five-dimensional hyper- 


(3.2) 


plane approximating the surface. 

4. THE PATHS OF STEEPEST ASCENT 

In general, equation (3.2) is a better approxi- 
mation if the ranges of the x; are small. (This is 
analogous to straight line interpolation in a 
table of logarithms, for example.) So, in a 
sufficiently small region of the space of the 
variables x,, Xj, ¥, and x,, equation (3.2) may be 
taken as an adequate approximation to the 
response surface. 

If the coefficients 6; were known (or ade- 
quately estimated) it is easy to show that the 
direction in which to move in the space of x,, Xp, 
x, and x,, to obtain the greatest change in the 
response, f, is determined by the coefficients 5,. 
As a simple illustration, suppose that x,, x), %3 
and x, were all measured in the same units. 
Then the step in the space of the four variables 
which would give the greatest increase in f for 
an increase of b, units in x, would require an 
increase of b, units in x,, an increase of b, units 
in x3, and an increase of b, units in x,. The path 
described by this step is appropriately called the 
‘path of steepest ascent’’. 

Of course, if one should follow the path of 
steepest ascent beyond the boundaries of the 
region for which equation (3.2) was considered 


adequate, a new equation [of the same form as 
(3.2)] would be necessary and a new path of 
steepest ascent determined. Thus it is seen that 
experimentation carried along these lines is of a 
sequential nature and the exact length of the 
experimental program cannot be known in 
advance. 


5. THE METHOD OF STEEPEST ASCENT 
APPLIED TO THE REMOVAL OF RADIO- 
NUCLIDES FROM PROCESS WASTES 

An experimental program to improve the efficiency 
of the ORNL waste treatment plant was carried out 
using the principles described in Sections 2, 3 and 4. 
Two sequences of the application of the method were 
performed before the program was stopped. At the 
end of the program removals of 95 per cent of Cs!87 
and 96 per cent of Sr®® had been demonstrated, using 
actual process wastes as raw material. 

The experiments were performed in a laboratory 
and so, strictly speaking, improvementof the efficiency 
of the plant has not been demonstrated. But certainly 
a good deal has been learned about the process and 
hopes for more efficient operation of the plant have 
been encouraged. 


5.1. The first simplex experiment 


Basic to the application of the method of steepest 
ascent is a knowledge of, or estimates of, the 6; of 
equation (3.2). These may be efficiently obtained 
through the use of a factorial type of experiment 
described by Box“). Five combinations of the four 
treatment variables (five points in a four-dimensional 
space) are chosen so that the combinations, if looked 
at as points in a geometrical figure, would describe a 
simplex. * 

The first simplex experiment is shown in Table 1. 
Each row in Table | corresponds to a single ‘‘run”’ 
with treatment combinations as shown. The Cs}8? 
and Sr®® removals for the runs are given in the last 
two columns in units of per cent removed. 

Five beakers, containing | 1. of process waste were 
treated with lime, soda ash and clay as given in Table 
1. The beakers were placed in a mixing apparatus 
and simultaneously subjected to rapid mixing for | 
min and 34 sec at 288 rev/min. Then the contents 
were mixed for 34 min at 81 rev/min and allowed to 
settle for 2 hr and 22 min. Afterwards the supernate 


* A simplex in three dimensions would require four 
points and would form a tetrahedron; in two dimensions 
a simplex has three points arranged in a triangle. In more 
than three dimensions the analogous figure is called simply 


a simplex. 
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xy Xy Xg 
Lime* Excess soda ash Clay dose 
(proportion of 
stoichiometric 
requirement) (p.p-m.) 


1.0 

1.0 50 

1.0 200 
100 
100 


Table 1. First simplex experiment 


Vv y 


Me Ne 
Cs187 removed 


Particle size Sr®® removed 


(mesh) 


20-60 
100-140 
60-100 
60-100 
60-100 


* The levels of lime shown here were inadvertently changed from those originally chosen. Hence the design is 


not orthogonal as was intended. 


was filtered and samples of the filtrate were sent to the 
laboratory for analysis. 

From the results of the analyses, estimates of 
equation (3.2) were obtained by the method of least 
squares. They were 


O.l1xy + 0.03x, + 0.01x, 


(5.1) f 


0.265x, 


yy = 15.5 + 28.5x, 


y, = 31 —6.0x, + 0.005x, + 0.209x3 + 


From previous experimentation the standard 
deviation of strontium removal was believed to be 2.8 
per cent and of cesium removal, 3.7 per cent. Using 
these standard deviations, the standard errors of the 
coefficients were calculated and are displayed with 
their coefficients in the table below. 


Strontium-90 Cesium-137 
| Standard 


error 


b Standard 
error 


4.85 
2 | 0.009 
3 05 0.023 
4 


6.44 

0.012 
0.030 
0.066 


6.0 
0.005 
0.209* 
0.050 0.265* 

* Significantly different from zero at a very small 
probability level. 


It is interesting to note from the table that, of the 
four coefficients, only the coefficients of x, (lime) and 
x, (soda ash) are significantly larger than their 
standard errors for the strontium equation. Just the 


+ In dealing with the x, variable, the mid-point of the 
mesh size range was used as the measurement of particle 
size. 


opposite is true for the cesium equation. The only 
coefficients larger than their standard errors are those 
for x3 (clay dose) and x, (particle size). This natural 
division of the four treatment variables into two 
groups was utilized for mapping a composite path of 
“steepest ascent”’ for the two responses. 


5.2. The first path of steepest ascent 


Although the following procedure would not in 
general be recommended, it was decided to let the 
Sr®° equation in (5.1) determine the direction of the 
exploratory path in the plane of the x, and x, variables 
and to let the Cs!8? equation determine the direction 
in the plane of the x, and x, variables. 

From the strontium equation in (5.1) we may write 


28.5x, + 0.1lx, = constant (5.2) 


which describes the estimated contours of equal 
strontium removal in the plane of x, and x. The path 
we are calculating should go through the center of the 
experimental region, which was at x, = 1/2 and 
X, = 75 p.p.m. Also the variables should be placed 
on an equal footing. The simplex design which 
yielded equation (5.1) treated one-sixth of a unit in x, 
as equivalent to 75 p.p.m. in xy. Thus equation (5.2) 
is changed to read 


75 
— = constant 
ss) 


constant (5.3) 


4.75 (“ i) + 8.25 (~ 


The path of greatest increase in Sr*° over the plane of 
x1, X) may be obtained from (5.3) by interchanging 
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the numerical coefficients, reversing the sign of one 
and equating the constant to zero. The results will 
be the equation of a line perpendicular to the contours 
of (5.2) and passing through x, 1/2 and x, 75. 
Thus we obtain 


1/2 . — 73 
8.25 [“ 1.75 2 0 
1/6 Jo 


x, = 0.404 + 0.00128x, (5.4 
From equation (5.4) we determine that the path of 
steepest ascent [obtained by increasing x, because the 
coefficient of x, in (5.1) is positive] has x, 1/2 for 
Xo 79, % 

Xo 45! 

9 


0.79* for x. = 300 and x, 1.0 for 
5. ‘These values of x, and x, appear in Table 


Similarly, the contours in the plane of xz and x,, as 
determined from the Cs!°7 equation in (5.1), are 
expressed by 


0.209%. 0.265x, constant 0.5 


he center of the design region was at xs 100 p.p.m. 


and x, 80-mesh, and 50 p.p.m. x, was equivalent 


to 40 units mesh. ‘Thus, the perpendicular to equation 
5.5) passing through the center of the design region 


. vy 80 
50) (0.209 | 
; 40 


onvenience this was rounded to 0.80. 


is given by 
100 


vo. /% 
10) (0.265 | ae 
0 


* For 


Table 2. 


xy Xo X3 


Lime Excess soda ash Clay dose 

proportion of 
stoichiometric 
requirement 


p.p-m. p-p-m. 


0.80 
1.00 
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x, = 1.415 + 1.232x, (5.6) 
Thus, from (5.6), mesh size of 155 calls for 193 p.p.m. 
clay, mesh size of 185 requires 229 p.p.m. clay and 
mesh size of 250 calls for 309 p.p.m. clay, along the 
path of steepest ascent through the plane of x, and x4. 

The experiments performed along the ‘‘composite”’ 
path are shown in Table 2 along with the measured 
responses at the points. There are nine experiments 
in all, arranged so that they occur at three distinct 
points along the line of equation (5.4) and at three 
distinct points along the line of equation (5.6). 

That this phase of the program was successful may 
be seen by noting that within the groups of three 
experiments in Table 2, the Sr®° removals have 
increased from about 35 per cent to 85 per cent 
showing the effect of changing lime and soda ash, and 
over the three groups of three experiments, Cs!87 
removals have increased from about 90 per cent to 
95 per cent, showing the effect of changing clay dose 
and particle size. 

It was deemed inadvisable to extend these paths 
any further, however, because the last point in the 
Xy, %9 plane was well beyond the region of the first 
simplex design, as was the last point in the xg, x, plane. 
Instead, it was decided to re-estimate the paths of 
steepest ascent by performing another series of experi- 
ments in a new region of the treatment variable space. 
5.3. The second simplex experiment 

A new series of levels of the four treatment variables 
was chosen and another designed experiment was 


Experiments along the first (composite) path of steepest ascent 


Responses 
Xs 


Particle size S90 


‘sh 


170 
170 
170 


200 
200 
200 
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performed in a manner similar to the first simplex 
design. The second design was also of the simplex 
pattern and is shown, with the measured responses in 
Table 3. This time the design was completely repli- 
cated and so there are two responses given for each of 
the five points. 


J 


second simplex experiment turned out to be 


55.8 + 8.04x, + 0.028%, — 0.0043x, + 0.055x, 
(5.7) 


8s 


56.6 + 1.47x, — 0.0182x, + 0.0424x, 


0.0107x, 


Table 3. Second simplex experiment 


xy Xo x3 


Lime Excess soda ash Clay dose 
(proportion of 
stoichiometric 
requirement) 


(p.p.m.) (p.p-m.) 


460 300 


460 450 


460 
600 


495 


From Table 3 it may be noted that further improve- 
ments have been obtained in strontium removal, the 
range being between 81 and 93 per cent. The cesium 
removals, however, were disappointingly low and in 
fact were lower than some of the removals experienced 
along the first path of steepest ascent. This was 
puzzling until the linear approximations to the 
response surfaces were calculated. Then it was 
revealed that large levels of excess soda ash apparently 
had a detrimental effect on cesium removal. This had 
not been suspected before. 

The equations calculated from the results of the 


Strontium-90 
b Standard 
, error 
0.185 
0.002 
0.002 
0.004 


8.04 

0.028 
— 0.0043 

0.055 


x 4 


Particle size 


mesh) 
170-200 


170-200 


170-200 


170-200 


230-270 


The standard errors of the coefficients were computed 
from a five degree of freedom estimate of the standard 
deviation for Sr®° of 0.226 per cent and a similar 
estimate of the standard deviation for Cs!87 of 1.492 
(calculated from the difference between 
These are shown 


per cent 
replicates in the second simplex). 
below with their coefficients and the ratios, t, of the 
coefficients to the standard errors. 

Student’s ¢ for five degrees of freedom (5 per cent 
level) is 2.571. Thus all the coefficients in the 
strontium equation, except that of x,, are significantly 
different from zero. In the cesium equation only the 


Cesium-137 


Standard 
error 


1.223 
0.012 
0.014 
0.026 


1.47 
—0.0182 

0.0424 

0.0107 
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Table 4. Calculation of second paths of steepest ascent 


Lime 
xy 
Center of simplex 
Equivalent units 
Path for Sr®® 
b 


] 
b, x (unit)? 
Change per 1 unit change in xy 


Path 


NN ewe DO 


Path for Cs'37 
1.47 
F ‘unit)? 0.368 
Change per 80 units change in x3 
Path 


coefficient of x3 is significant at the 5 per cent level. 

But the interesting feature of equation (5.7) is the 
negative coefficient for x, in the cesium equation. 
Although it is only one and one half times its standard 
error (which would be significant at about the 20 per 
cent level), the effect on_y, when x, varies between 460 
and 600 is considerable. This is what led us to believe 
that high levels of excess soda ash (x,) are undesirable 
for removing radioactive cesium. 


5.4. The second paths of steepe st ascent 


In order to improve further on the radionuclide 
removal, the paths of steepest ascent were recalcu- 
lated from the information contained in equations 

5.7). This time, since the strontium equation was 
sufficiently different from the cesium equation a 
separate path was calculated for each element. Also, 
since particle size was difficult to control and since its 
measurement by mesh size at best is very inexact, the 
particle size of clay was held to those particles which 
would pass through a screen of 200-mesh but not one 
of 230-mesh. This reduced the number of treatment 
variables to three. 

Che calculation of the second paths is shown in 
Table 4. This table illustrates a systematic short cut 
calculation of the paths which is based on the three- 
dimensional analog of the calculation shown in 
Section 5.2 of this paper. The first point on each path 


Excess soda Response 
Clay dose - - 
Cs137 


35 


0.028 0.0043 
34.3 -24.2 
8.5 6.0 
495.0 375 
369 
363 
357 


0.0424 


is the same and hence the table shows responses for 
seven additional experiments, not eight. 

Since it would be inadvisable not to do so, both Sr® 
and Cs!87 removals were measured on each path. It 
may be noted that the points along the path calculated 
for Sr® show increases in removal of Sr® from 86 per 
cent to 96 per cent. The Cs!87 removals on this path 
started at 92 per cent, rose to 94 per cent and fell back 
to 92 per cent, ostensibly no change. 

Along the path calculated for Cs!87, the Sr% 
removal increased from 86 per cent to only 92 per 
cent, while the Cs!8? removals increased from 92 per 
cent to 95 per cent. 

It may be noted also that the levels of excess soda 
ash along the paths are no greater than 503 p.p.m. 
This is approximately equal to the central level of x, 
used in the second simplex experiment, at which point 
the better Cs!8* removals were experienced. So, 
refraining from the use of excess soda ash at very high 
levels brought cesium removals back to an encourag- 
ingly high percentage. 


6. SUMMARY 
In Fig. 2, which is a graphic history of the 
entire experimental program with respect to 
strontium removal, and in Fig. 3, which is the 
same with respect to cesium removal, the success 
of the program may be seen quite clearly. In 
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_ FIRST SIMPLEX 


32S, FIRST PATHS | 
39S 


a 
40“ 


SECOND PATH 


< 
SO ™ 
Oo ~ 


Fic. 2. Experimental points showing the per cent of strontium removal. 


y FIRST SIMPLEX 


88 


FIRST PATHS 


3. Experimental points showing the per cent of cesium removal. 
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order to make these pictures possible, the 
variation in x,, particle size of clay, has been 
ignored; thus the responses are shown in a 
three-dimensional plot. 

In both figures, the positions of the experi- 
mental points are indicated by the circles placed 
in their proper locations according to the levels 
of lime, excess soda ash and clay dose used The 


numbers at the points are the per cent removals 
observed at those combinations of the treatment 
variables. Both figures are identical with respect 
to the positions of the points, the forms of the 
tetrahedra, and the directions of the paths of 
steepest ascent. The numbers in Fig. 2 are Sr® 
per cent removals; those in Fig. 3 are Cs!*’ per 


cent removals. 

The label ‘‘First Paths” refers to the three 
parallel arrows pointing in the direction of 
higher clay dose, one is at excess soda ash of 75 
p.p.m. and 1/2 lime, another at 300 p.p.m. soda 
ash and 0.80 lime and the third is at 455 p.p.m. 
excess soda ash and 1.0 lime. These three 
arrows were referred to as the “‘composite path” 
in Section 5.2. 

There are two arrows emanating from the 
second simplex because two paths of steepest 
ascent were calculated from the results of this 
design. ‘Their directions over the plane of clay 
dose and excess soda ash, may be seen from their 
projections on that plane. In Fig. 2 the arrow 
labeled “‘Second Path” represents the path of 
steepest ascent calculated from Sr*° responses. 
It shows the increase from 86 per cent to 96 per 
cent removal as per Table 4. The other arrow 
in Fig. 2 shows the Sr® per cent removals 
observed along the path calculated from Cs!*? 


responses. 


This labeling is reversed in Fig. 3. The path 
of steepest ascent calculated from the Cs!’ per 
cent removals is now labeled ‘Second Path’’. 
Here cesium removal increased from 92 per cent 
to 95 per cent as noted before. The other arrow 
represents the path of steepest ascent for the Sr®° 
response, and shows relatively stable cesium 
removal. 


7. CONTINUATION OF THE PROGRAM 

No further experimentation in the laboratory 
is planned. More improvement might possibly 
be demonstrated by additional laboratory 
experiments, but the purpose of the program was 
to increase the efficiency of the waste treatment 
plant. The point of greatest strontium removal 
found in the laboratory program would appear 
to be a logical place to begin. 

It is too much to hope that the point of 
optimum operation for the waste treatment 
plant would be the same as the point of optimum 
operation for a laboratory experiment. But, 
logically, the neighborhoods of the two optima 
should be the same. Using additional statistical 
tools, the authors believe that they now will be 
able to move the experimentation into the 
treatment plant and thereby accomplish the 
objectives of the program. 
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Abstract—Photon spectra at various times from | sec to 5 hr after instantaneous thermal 
neutron fission of U2*5 are listed. From these are computed total y-ray energy release rates and 
theoretical air ionization rates 3 ft above an infinite plane uniformly contaminated with fission 
products. Equations which provide a good fit to the rate curves within the estimated accuracy 


of the data are (¢ in sec): 


['(t) = 2.78¢-1-3 — 2.41t-145 MeV/sec per fission and I(t) 


[1.41¢-1-23 — 1,23¢-1-45] 10-8 r/hr per fission/ft?. Comparisons of integrated doses calculated 
from the photon spectra with doses derived from the familiar ¢~!-? function show substantial 
differences for times after fission less than 1000 sec. 


INTRODUCTION 

AN EXTENSIVE number of articles have appeared 
in the literature concerning y-ray energy 
release rates following instantaneous thermal 
neutron fission of U**, It is intended here to 
summarize the more pertinent information on 
this subject, to present calculations from and 
certain revisions to reported early-time y-decay 
values, and, finally, to compare such revised 
values with those computed from the familiar 
and widely quoted ¢~? expression. 

y-Energy release rates have both 
measured experimentally and estimated by 
computation. The computational method has 
been used by Mrtier™) and others to 
obtain total y-energy release rates by summing 
the photon energy release of the individual 
fission product radionuclides present at different 
post-fission times. ‘The energy release of the 
individual products are calculated from their 
fission yields, disintegration rates, and decay 
characteristics. Information of this sort is not 
available for many of the initial fission vroducts. 
Consequently, accurate summations of |’-energy 


been 


* Present Address: Fuels and Materials Dep. rtment, 
Atomics International, P.O. Box 309, Canoga Park, 
California. 


release are presently restricted to post-fission 
times greater than about | hr, although PERKIns 
and Kine) have approximated total photon 
emission and energy release back to 100 sec by 
estimating unknown half-lives and y-ray abun- 
dances. 

Experimental measurements of y-energy 
release appear to be limited to the early work 
of Borst'® and SUGARMAN et al.,‘7) and to the 
more precise determinations first reported by 
ZoBeEL and Love'® and PEELLE et al.'® in 1956, 
and later, in revised form, by MArENSCHEIN”®), 
These latter investigators‘*-! used Compton 
and pair spectrometers to determine the y- 
abundances in the decay of fission product 
mixtures following short exposure of U** in the 
Graphite Reactor at Oak Ridge National 
Laboratory or in the neutron flux at the Lid 
Tank Shielding Facility at that laboratory. 
The experimental equipment used in the Oak 
Ridge measurements did not permit observation 
of photons below 280 keV. y-Ray spectral 
decay was determined at early times after 
fission, between 1.25 and 1600 sec. 

Combination of the early-time Oak Ridge 
experimental data with computed values, which 
apply at relatively long times after fission, 
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should provide a description of energy release 
rates from | sec to many years. Such a 
combination was carried out by LARrviere™) 
who used the spectra reported by Zope. and 
Love in 1956 for early times and MILLER’s 
computations for later times. In order to effect 
a smooth transition between the two sets of data 
LaRivigERE increased the experimental values 
by about 20 per cent. Following this, he used 
conversion factors reported by MILLER and 
Logs”) to derive the theoretical ionization 
rate (r/hr) over an infinite plane uniformly 
contaminated with fission products. The latter 
estimates, useful in fallout analysis, are expressed 
in terms of roentgens per hour per fission per 
square foot at a height of 3 ft above the plane. 

In a similar manner, KNABE and PuTNAM"™®) 
combined the revised Oak Ridge experimental 
data" with the computations of Perkins and 
Kinc. It was found that a smooth transition 
between the experimental data and the com- 
putations could be accomplished by extrapola- 
tion of the former from 1600 to 104 sec. Inas- 
much as the experimental measurements did 
not include photon abundances below 280 keV, 
such abundances were introduced on the basis 
of comparisons of the extrapolated experimental 
curves with the compiled data. 

Recent experiments“ at this laboratory 
have permitted estimates of the photons below 
280 keV. Such estimates provide an experi- 
mental for calculation of the energy 
release rates, MeV/sec, of photons below 
280 keV. Also, as such photons are not included 
in the original Oak Ridge data and consequently 
do not appear in LARrviere’s computations of 
ionization rates vs. time after fission, recom- 
putations of y-release rates and ionization rates 
were in order. ‘The need for such recomputa- 
tions is emphasized by the 1958 revision of the 
Oak Ridge spectra. 

This paper reports revised y-decay values for 
post-fission times of 1.0 sec to about 4.8 hr. 
Two primary calculations are included, viz. 
(a) MeV/sec vs. time and (b) r/hr vs. time. In 
addition, the dosages (in roentgens) for various 
times of entry into an environment of deposited 


basis 


fission products and for different periods of 


exposure are computed. Comparisons are made 
with the energy emission and ionization rates 


at different times and with the dosage accumu- 
lations which could be predicted on the basis 
of the well-known Way—Wicnert ~1-? decay of 
the composite fission product mixture.“ 


COMPUTATIONAL METHODS 


Two sources of data have been used in these 
computations. One was estimates of photon release 
rates in the energy range 0.02—0.4 MeV based on 
recent decay rate measurements at this laboratory.“ 
Large uncertainties in these estimates have a small 
effect on total energy release rates since this group 
contributes less than 10 per cent of the total energy 
release rates at the times considered. The other, and 
primary, source of information was the KNaBE and 
PutTNAM summary of the Oak Ridge experimental 
work. Their summary includes the measured y-ray 
release rates in eleven energy groups within the energy 
range 0.4-5.5 MeV as a function of time after an 
instantaneous fission event. 

The combined data from the two sources are pre- 
sented in Table 1. In this table the group designations 
are per KNABE and PuTNAM; with the exception of 
Group I, group energy ranges are also those employed 
by these authors. 

Derivation of the total MeV/sec per fission, I(t), 
emitted at a given time, ¢, was accomplished through 
a simple summation process. The following expres- 
sion was used: 


(1) 


number of photons per fission emitted 
per second within the ith energy group 
at time ¢ 

geometric mean energy of the ith 
energy group (MeV/photon) 

The derived summations are depicted graphically in 
Fig. 1. 

Calculations of r/hr per fission/ft®, i.e. ionization 
rate, /(t), as a function of time after fission was made 
in a similar manner by substitution of the air absorp- 
(r/hr) (p/sec)—! (ft?)-!, in 


where P;(t 


tion parameter," y,, 
equation (1), to obtain 
VIIF 
I(t)=~ > m,Pi(t (2) 

i=I 


In this expression the air absorption parameter 
describes the theoretical air absorption, as a function 
of source photon energy, 3 ft above a uniformly 
contaminated infinite plane. This parameter essenti- 
ally considers the linear air absorption coefficient per 
photon and photon scattering (i.e. build-up factor) @®, 
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TOTAL 
0.02-5.5 


4. 9x1078/5,2 


5.0-5.5 


4.5-5.0 
8.7x10-4 |4,2 


ion 


3.7x1073 }2.1x1073 9. 1x1074] 4. 5x107! 


6. 2x1077| 2.0 
6.0x1079| 2,0x1079 


2.1 


4.0-4.5 
9.8x10-7] 7. 1x10-7 | 4.5x10-8 


9. 4x1074/7.0 
8.7x10-6] 3,8 
6. 8x10-6/ 5.0 


6.0x10-6| 3,7 


3. 5-4.0 
1.4 


7. 8x1078] 5. 7x10-8 
6.8x10~7 | 4.8x10-8] 2.8 


9. 6x10-7/4.2 


3.0-3.5 
2.0 


group and time after fiss 


7.5x1073 16. 3x1073 | 4. 6x1073 


8. 3x10-?| 4.7 


of energy 


ction 
11 
8. 2x107| 6. 8x1076 
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The derived values from equation (2) are calculated 


for a contamination density of one fission per square 


foot. The resulting ionization values are presented in 


Fig. l(a) and (b). 


CONCLUSIONS 


Table 1 and Fig. 
reasonably 


data in 


provide 


The l(a) and 
(b) complete and 
accurate summary of the number and energy 
release rates of the delayed y-rays following 


a 


(b) 


Energy release and ionization rates as a function of time after fission. 


thermal neutron fission of U?** to times after 
fission of approximately 5 hr. Energy release 
rates calculated from Table | do not agree, 
neither in absolute value nor in rate of change, 
with the Way—WIGNER “rule of thumb” ex- 
pression for energy release, I(t) = 1.26¢-1-? 
MeV/sec per fission. As shown in Fig. |(a), the 
experimental curves at times less than 10 sec 
yield lower values for energy release per fission 
and a slower rate of decay. It should be noted 
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that Way-WicNeER did not expect the ¢-!-? 
‘function to hold for ¢ < 10 sec; as described 
below, a significant fraction of total dose is 
contributed prior to 10 sec. After approximately 
100 sec, however, the rates of decay for both 
energy release and ionization rates are described 
fairly well by the ¢-?-? function. This makes 
possible the following expression for energy 
emission decay from | sec after fission: 


C(t) = 2.78¢-1-33 — 2.411-1-# 

MeV/sec per fission (3) 
The corresponding expression for ionization 
rate is: 


I(t) = [1.41¢-4-23 — 1.23¢-1-45] 10-8 


r/hr per fission/ft? (4) 


In each expression ¢ is in seconds and the 
negative term adjusts for early time departure 
of decay rate from an approximate ¢~'-? depen- 
dence. Expressions (3) and (4) yield values 
largely within 5 to 10 per cent of the decay 
data presented in Fig. | (the greatest deviations 


are less than +20 per cent, values which are 
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probably still within the accuracy of the Fig. | 
data). For times greater than that covered by 
Fig. 1, i.e. 10% sec, and extending to approxi- 
mately 10° sec, y-ionization values calculated 
through equation (4) are within 20 per cent of 
those resulting from the summations of MILLER 
and Logs. In regard to total energy release, 
integration of equation (3) over the time period 
1 to 108 sec yields 6.6 MeV/fission. This is 
identical with the value obtained by KNaBE and 
PutnAM by numerical integration. 

Numerical integrations of Table | data were 
carried out to estimate theoretical ionization 
dose accumulated from exposure to an environ- 
ment of deposited fission products.* Dosages 
3 ft above an infinite plane uniformly con- 
taminated by fission products (one fission/ft”) 
were calculated in a manner similar to that used 
by Miter and Loes for initial exposure times 
of | hr post-fission. Accumulations from 


exposures beginning at post-fission times of 1, 


* Equation (4) may be integrated (¢ in hours) to yield 
values which in most cases are within 5 to 10 per cent of 
those obtained by numerical integration. 
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Comparison of calculated dosages accumulated following 
four different entry times. 


10, 100 and 1000 sec were derived and are 


presented in Fig. 2. These dosages were then 


compared to the dosages which would accumu- 
late if the l-, 10-, 100- and 1000-sec ionization 
rates decayed according to the ¢~!* function. 
These latter integrations are also shown in Fig. 2. 

It is evident from Fig. 2 that substantial 
differences exist between integrated doses cal- 
culated on the basis of the spectral data and 


t-1-2 decay. These 


calculated according to 
differences are large for very early entry times 
and become progressively smaller (depending 
with increasing time 


considered, the 


on duration of exposure 
of entry. Over the times 
integrated doses are substantially the same when 
calculated from initial times of approximately 
1000 sec. Consequently, provided the initial 
ionization rate is known, it is possible to predict, 
with reasonable accuracy, dosage by the t-!-* 
expression for times of initial exposure in the 
1000 sec. 
it is possible to integrate from 


order of 
equation (4), 
earlier times of entry as short as | sec. 
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RELATIVE BIOLOGICAL EFFECTIVENESS OF Co” 
y-RADIATION FOR VARIOUS RESPONSES IN MICE* 


J. G. KEREIAKES?+ and M. S. MIRAGLIA 


(Received 21 December 1959; in revised form 9 September 1960 


Abstract 


The biological effectiveness of cobalt-60 y-irradiation relative to 250kVp 


X-irradiation for six different responses in CF, mice was found to be: 30-day lethality, 0.79 


0.06; mean survival time, 0.79 
1.00; splenic weight loss, 1.00 


0.04; body weight loss, 0.80 
0.06; and testicular weight loss, 0.63 


0.04; intestinal weight loss, 
0.06. The RBE 


for intestinal weight loss varied with the level of the effect resulting in an average RBE 


determined for this response. 
are discussed. 


ZiRKLE™) and Boac") have published excellent 
review articles on the relative biological 
effectiveness (RBE) of various ionizing radi- 
Early experiments with mammals 
mainly on lethality as biologic 


ations. 


relied a 


end-point. Since the radiosensitivity of certain 
organs and portions of the body varies consider- 
ably, it seemed advisable that a number of 


be studied. 
role of the 


responses other than lethality 
Such studies would indicate the 
specific organ or portion of the body in the 
over-all observed effect. These values for 
relative biological effectiveness would help 
facilitate decisions of permissible exposure of 
other mammals, including humans, to various 
ionizing radiations. 

The experiments reported here evaluate the 
relative biological effectiveness of cobalt-60 
y-irradiation and 250kVp X-irradiation for 
the following responses in CF, mice: 30-day 
lethality; mean survival time; body weight loss; 
intestinal, splenic and testicular weight loss. 


MATERIALS AND METHODS 
The cobalt-60 y-rays and 250 kVp X-rays used 
have approximate linear energy transfer (LET) 
values of 0.3 keV/u and 3.0 keV/u, respectively. 
X-rays were delivered by a General Electric 


* Work carried out at the U.S. Army Medical Research 
Laboratory, Fort Knox, Kentucky. 

+ Presently, Assistant Professor of Radiology, Depart- 
ment of Radiology, University of Cincinnati College of 
Medicine, Cincinnati 29, Ohio. 
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Possible considerations for the observed differences in RBE 


Maxitron Unit operated at 250 kVp, 15 mA, 4.75 
mm Be inherent filtration, | mm Al + 0.5mm Cu 
added filtration, HVL 1.1 mm Cu, and tube target- 
sample distance of 50cm. y-Rays (1.17 and 1.33 
MeV energy) were supplied by a 1000 c cobalt-60 
unit. HVL of radiation 12 mm Pb and tube 
target-sample distance of 47cm was used. Dose 
rates of 81 rads/min and 63 rads/min, measured with 
a 100r Victoreen ionization chamber placed in a 
paraffin phantom located at the center of the lucite 
cage (6 in. diameter), were found for the X-rays and 
Co® y-rays, respectively. The roentgen dose was 
converted to rads by assuming that | r is equivalent 
to 0.96 rad for X-rays and 0.98 rad for Co® y-rays. 
The 6mm thick lucite cage cover was more than 
sufficient to provide electronic equilibrium for the 


is 


y-dose measurements. 

Adult female and male (used only for the testicular 
weight loss study) CF, mice, weighing 21—23 g, were 
used. The mice were acclimatized to laboratory 
conditions for at least 2 weeks prior to use. Prior to 
and following irradiation exposure, the mice were 
fed water and Purina Laboratory Chow ad libitum. 
The mice were irradiated ten at a time in a shallow 
lucite cage. Radiation exposure was unilateral to 
dorsal surface in all cases. 

The biological responses measured must be of a 
type which respond more or less quantitatively with 
dose in order that RBE values can be determined. 
The responses in the present study have been de- 
scribed previously by other investigators and been 
found to give quantitative dose-response curves which 
could be transformed to the linear relationship 


7 bX 


a 


where Y and X are indices of response and dose, 
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measured 
time, 


respectively. The biological responses 
included 30-day mortality, mean survival 
whole body weight loss, intestinal weight loss, splenic 
weight loss and testicular weight loss. 

The mice for the mortality study were exposed to 
graded doses, 400-800 rads, of both radiations, 
deaths noted every 24hr, and 30-day mortality 
recorded. Mean survival time shows a quantitative 
dose-response relation in the dose range of about 500 
1200 rads. Therefore, mean survival times were 
calculated for the 500-800 rad dose range for the mice 
used in the mortality study. 

Body weight loss in irradiated animals is well 
established and shows a quantitative relationship 
with dose.) Mice were weighed and exposed to 
graded doses, 400-800 of both radiations. 
Four days following exposure the mice were weighed 


rads, 


again and weight loss determined. 

The weight of the small intestine decreases signifi- 
cantly following irradiation exposure and the degree 
of weight loss appears to be quantitative with dose. “4>5) 
Mice were exposed to graded doses, 200-900 rads, of 
both radiations. Forty-eight hours following exposure, 
the irradiated mice and a non-irradiated control 
group were sacrificed. The small intestine from the 
pyloric juncture to the ileocecal valve was carefully 
dissected free. The intestine was opened along its 
entire length, washed free of contents, and excess 
water squeezed out by stripping down tissue with 
fingers and by gently blotting. The intestine was 
then placed in an individual pre-weighed planchet, 
dried in an oven at 90°C for 24hr, planchet re- 
weighed, and intestine dry weight determined. 

The spleen weights of irradiated animals decrease 
appreciably with increasing dose and show a quanti- 
relationship.“;”) Groups of 


tative dose-response 
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mice were exposed to graded doses, 200—700 rads, of 
both radiations. Four days following exposure, the 
irradiated mice and a non-irradiated control group 
were sacrificed, spleens dissected out and wet weights 
determined immediately. 

The degree of testicular weight loss is quantitative 
with respect to dose for a certain dose range. *;® 
Groups of mice were exposed to graded doses, 75-425 
rads, of both radiations. Four weeks following 
exposure, the irradiated mice and a non-irradiated 
control group were sacrificed, testes dissected out, 
and wet weights determined. 

RESULTS 

The mortality, mean survival time, and body 
weight loss data for both Co® y-radiation 
and 250 kVp X-radiation are given in Figs. | 
through 3. To facilitate analysis, probit 
transformation of dose-mortality data was 
performed and _ plotted against log dose. 
The mean survival time decreased logarith- 
mically with increasing log dose. A _ linear 
relationship was found between body weight 
loss (per cent of control) and dose. For these 
responses, analysis of the data revealed no 
significant differences in slopes of the Co 
and X-ray regression equations. The regression 
lines were then adjusted to have a common 
slope, and the equations recalculated. The 
RBE of Co® y-rays in terms of 250 kVp X-rays 
was determined from the adjusted equations. 

Changes in intestine, spleen, and _ testes 
weight for both radiations are given in Figs. 


+ through 6. The mean organ weights are 
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Fic. 3. Body weight loss in mice exposed to 
doses of Co® y-radiation and 250kVp X- 
radiation (twenty mice per point). @—Y 

— 8.26 + 0.03X; x—Y 12.50 + 0.03.X. 
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Fic. 5. Splenic weight in mice exposed to 
doses of Co®® y-radiation and 250kVp 
X-radiation (twenty mice per point). 
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Fic. 4. Intestinal dry weight in mice exposed 
to doses of Co® y-radiation and 250 kVp 
X-radiation (twenty mice per point). 
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Fic. 6. Testicular weight in mice exposed to 
doses of Co®® y-radiation and 250 kVp X- 
radiation (twenty mice per point). 


expressed as cent of control values. 
Testes and spleen weights show a linear response 
with log dose, whereas the intestinal weights 
show a linear response with increasing linear 
Analysis of the intestinal weight loss 
equations that the slopes differed 
significantly and that the RBE varied with the 
level of the effect. By integrating the areas 
under the regression lines and obtaining the 
ratio, an average RBE determined. 
Analysis of the regression equations for the 
splenic weight loss showed that they did not 
differ significantly and that a single equation 
adequately represented the data for both types 
of radiation. Since the slopes of the regression 


per 


dose. 
showed 


was 


lines for testicular weight loss did not differ 


Table 1. Relative biological effectiveness of cobalt-60 
y-radiation for various responses in CF, mice 


RBE 
relative to 250 kVp 
X-radiation 


Response 


0.79 
0.79 
0.80 
1.00 
1.00 
0.63 


0.06 
0.04 
0.04 


30-day mortality 
Mean survival time 
Body weight loss 
Intestinal weight loss 
0.06 
0.06 


Splenic weight loss 
Testicular weight loss 


significantly, the lines were adjusted to have a 
common slope constant. The RBE was then 
determined from the adjusted equations. 

The RBE values for Co y-radiation relative 
to 250 kVp X-radiation for the six responses 
are summarized in Table 1. The range of values 
is from 1.00 for intestinal and splenic weight 
loss, to about 0.80 for the three total body 
responses (mortality, mean survival time, and 
body weight loss), to 0.63 for testicular weight 
loss. 

DISCUSSION 

The biological effectiveness of Co® y- 
radiation relative to 250 kVp X-radiation was 
found to be different for the various responses 
measured in CF, mice. The different effective- 
ness may be ascribed in part to changing 
linear energy transfer (this is approximately 
0.3 keV/u and 3keV/u for Co® y-rays and 
250kVp X-rays, respectively) and thus a 
difference in dose deposition to tissue and bone. 
X-rays are considered to deliver a slightly 
higher dose to the bone marrow than the more 
energetic y-rays, according to the data of 
Sprers™, Wooparno" studied the loss of 
alkaline phosphatase in mouse bone following 
exposure to X-rays of 100, 180, 1000 and 
22,000 kV peak energies. Based on incident 
dose, a relative effectiveness of 0.96, 1.00, 0.76 
and 0.88 were found for the respective qualities. 
However, based on absorbed energy, it was felt 
that the RBE values were unity. The above 
could possibly explain, in part, the lesser 
effectiveness of Co® y-rays for the three total 
body responses (mortality, mean survival time, 
and body weight loss), but would not explain 
the lesser effectiveness of Co y-rays for 
testicular weight loss. 

No differences were observed in the RBE 
value for mortality and mean survival time, 
indicating that these two radiations quali- 
tatively produce the same mode of damage. 
The organ weight loss studies show the following 
trend. The intestine, spleen and testes weight 
loss determinations were made at 2, 4 and 
28 days, respectively. The greater the latent 
period (time interval following irradiation 
exposure at which response is measured), the 
less effective Co™ y-rays appeared to be than 
250 kVp X-rays. The postulations of BLair, “1? 
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recently discussed by Srorer ef al.,4" may be 
applicable here. It has been suggested by 
Bair that two types of radiation damage 
occur—reparable and irreparable. Results 
from fractionated dose experiments performed 
using various radiations indicate that the 
higher the linear energy transfer of the radiation 
the greater is the extent of the irreparable 
damage. This is sometimes interpreted in 
terms of recovery rates; that is, a slower 
recovery rate for the higher linear energy 
The intestinal and splenic weight 
of their short latent 


radiation. 


loss responses, because 


period, measure primarily early damage. 


Certain critical evaluations of the RBE 
values should be mentioned. The intestine 
and spleen values suffer from so-called ‘‘abscopal 
effect," whereas the testes appear to be 
minimally affected by this phenomenon.“®?!*) 
These considerations of the role of the abscopal 
effect on the RBE values warrant further study, 
particularly for partial-body radiation exposure 
conditions, 

SUMMARY 

The relative effectiveness of cobalt-60 y-rays 
to 250 kVp X-rays for biological 
responses in CF, mice was found to be: 30-day 
mortality, 0.79 +- 0.06; mean survival time, 
0.79 + 0.04; body weight loss, 0.80 +- 0.04; 
intestinal weight loss, 1.00; splenic weight loss, 
1.00 + 0.06; and testicular weight 
0.63 + 0.06. The RBE for intestinal weight 
loss varied with the level of the effect resulting 
in an average RBE determined for this response. 
Possible considerations for the observed differ- 
ences in RBE are discussed. 


various 


loss, 
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Abstract—About 24 per cent of total inhaled Ru!*O, was deposited in lungs of mice. Lung 
retention of deposited Ru! was studied with a whole-body monitor. Radiochemical assay of 
tissues from mice killed at intervals up to 70 weeks after exposure confirmed retention in pul- 
monary tissues. Of three exponential components of the lung clearance curve the longest 
biological half-life was 230 days for about 2 per cent of the total lung deposition. Translocation 
to other tissues was also observed. Several tissues including ovaries and adrenal glands attained 
greater concentrations, though smaller quantities, than the lungs. The total dose to lung over 
the 70-week period was estimated to be 4600 rads per jc of total Ru! deposited. An MPC air) 
for Ru!%O, of 1.3. x 1078 we per cm? air for a 40-hr week was derived by assuming lung to be 
the critical organ and by extrapolating the data from mouse to man on the basis of differences in 


weight alone, ignoring differences in anatomy and physiology. 


INTRODUCTION 


BioLoGicAL data are required for evaluating 
the hazard of inhaled radioactive particles and 
establishing maximum permissible limits. 


For 
the fraction 
subsequent 


this, it is necessary to know 
inhaled material deposited, 
behavior and its effect on the host. 

Of the many fission products that need to be 
studied, Ru!®® was chosen because it often 
occurs as the relatively insoluble dioxide, a 
characteristic which should favor prolonged 
retention in the pulmonary tissues. Ru! is a 
B-emitter (maximum energy = 0.04 MeV) with 
a half-life of | year. The daughter of Ru!, 
Rh!°, is also a S-emitter (maximum energy = 
3.5 MeV) with a half-life of 30 sec. The energy 
released in the Ru! —- Rh!6 —~ Pd!°® (stable) 
chain is therefore largely attributed to Rh!®, 
However, because of the short half-life of Rh!®, 
the biological distribution of the released 
energy will be determined by the physiological 
behavior of the parent Ru!, 

In this study female mice were exposed to 
aerosols of Ru!®®Q, and its physiological 
behavior determined over a period of 70 weeks. 
The results provide some basis for evaluating 


its 


* Work performed under Contract No. AT(45-1)-1350 
between the Atomic 
Electric Company. 


Energy Commission and General 


of 


90 


the hazards associated with the inhalation of 
relatively insoluble radioactive ruthenium com- 
pounds, 


METHODS 


Exposure to ruthenium oxide particle aerosols 
The techniques used for exposing mice to air 
containing Ru!°*Q, particles are described in detail 
in a separate report.'?) Mice were individually placed 
head first into 50-ml conical centrifuge tubes with the 
bottom $ in. cut off to give a 3-in. opening. The tubes, 
plugged with cellulose tissue and stoppered, were 
inserted into ports drilled into the side of a vertical 
exposure chamber constructed of a 16-in. length of 
8-in. (o.d.) lucite tubing. The exposure chamber 
held eighty-four tubes in seven rows of twelve each. 
The aerosol was admitted at the top and exhausted 
at the bottom through an electrostatic precipitator to 
prevent contamination of the room air. The aerosol 
concentration varied approximately 25 per cent from 
the top to the bottom of the chamber. During all 
inhalation experiments aerosol samples were collected 
on millipore filters (type AA)+ and the particles 
characterized and sized by electron microscopic 
examination. 
Three methods were used to obtain Ru!®O, aerosols. 
1) An aerosol of ruthenium acetate solution contain- 
ing approximately 3 mc Ru! per mg ruthenium 
acetate was produced with a jet-type aerosol gener- 
ator.) The aerosol passed through an oven where it 


+ Millipore Filter Corporation. 
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was heated to 700°C converting the ruthenium acetate 
to ruthenium oxide. Less than 10 per cent of the par- 
ticles thus produced were soluble in water and the par- 
ticle diameter ranged from 0.01 to 3 jy, the majority 
being 0.2 to 0.5 uw. The fog containing ruthenium 
oxide was passed into a lucite exposure chamber 
designed to expose only the nose of the mouse. (2) A 
suspension of ruthenium oxide particles prepared by 
oxidation of ruthenium trichloride (1.8 mc Ru! 
per mg stable ruthenium per ml) with NaOH and 
H,O,, and suspended in 0.1 per cent Pluronics,* 
was placed in a small scale aerosol generator.‘ 
Dispersal of the particles in a fog was effected by 
forcing air at 20 lb/in® through an orifice (no. 80 size 
hole) in the side of a twelve-gage spinal tap needle 
sealed at the end and inserted into the suspension to a 
level placing the orifice just above the surface of the 
suspension. The fog containing ruthenium oxide was 
then passed into the mouse exposure chamber. The 
particle size ranged from 0.01 to 3.6 mu in diameter. 
The mean size was 0.33 mu and the median size was 
0.2 w. (3) Ruthenium oxide particles prepared by 
oxidation of ruthenium trichloride were washed, 
resuspended in 95°% ethanol and added to finely 
powdered NaCl which was then dried, and reground 
to break up the clumps. The NaCl containing the 
ruthenium oxide particles was placed in gelatine 
capsules (no. 4) and, by means of a specially modified 
air pistol, dispersed into the mouse exposure cham- 
ber. '2) The particle size ranged from 0.05 to 5 w. The 
mean size was approximately | yw. 

After inhalation exposures the head region of each 
mouse was washed with soap and water to remove 
externally deposited Ru!®® before monitoring. 


Whole-body monitoring 


Total-body burdens of Ru! were obtained by 
encasing the live mouse in a plastic tube and placing 
the tube in a scintillation counter designed to monitor 
either the whole mouse or any increment along the 
length of the mouse.) 


Tissue analysis 


For determination of the tissue content of Rul, 
groups of mice were killed by cervical dislocation at 
intervals after exposure. were removed, 
minced and placed on stainless steel plates. Nitric 
acid was added and the samples were dried under 
infrared lamps. ‘The stainless steel plates were 
counted with an end-window Geiger—Mueller tube. 


Tissues 


* Polypropylene glycol-ethylene oxide polymer—Wyan- 
dotte Chemical Corporation. 


RESULTS 


Deposition and distribution following inhalation 


In order to determine the amount of Ru! 
retained and its distribution with time after 
inhalation, mice in groups of from ten to sixty 
were killed immediately after exposure. The 
respiratory and gastrointestinal tracts were 
removed for Ru! assay. To obtain an estimate 
of the fraction that was deposited it was assumed 
that mice inhaled 25 ml air per minute.“-® 
The concentration of Ru! in the air was 
determined from millipore filter samples of 
measured volumes of air drawn during the 
exposure. The deposition and distribution of 
Ru?°6 is shown in Table | and is given as the 
per cent of the estimated total Ru!®O, inhaled, 
which varied from one-half to three micro- 
curies. The exposures were from 15 min to 
2 hr duration. The percentage in the gastro- 
intestinal tract was greater following long 
exposures and, conversely, the percentage present 
in the upper respiratory tract, which included 
the trachea and skinned head, was greater 
immediately following the short exposure. This 
seems to indicate temporary retention of de- 
posited material in the upper respiratory tract 
with subsequent movement almost entirely to 
the gastrointestinal tract because the fraction in 
the lung was independent of the exposure time. 
The average fraction deposited in lungs was 
about 24 per cent for seven experiments, al- 
though in one experiment only 15 per cent and 
in another as much as 38 per cent was deposited 
in the lungs. However, the agreement between 
experiments was surprisingly good considering 
the necessity for assuming a minute volume. 
The uniformity of pulmonary deposition in the 
several experiments also indicates little or no 
effect of the suspending agent, Pluronics, used 
in method (2) for obtaining a RuQ, aerosol. 
In two experiments half of the mice were not 
killed until 24 hr after exposure. The percent- 
age of inhaled Ru!®® present in lung at that 
time was 10-14 per cent, or about half that 
present immediately after exposure. 


Retention 
The retention of Ru!®® in mice was studied 


in two ways. One group of fifty mice was 
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Table |. 


Deposition and distribution of inhaled Ru'°*O, 


Percentage of total Ru!®O, inhaled 


Experiment 


Duration of exposure 15 min 


dust 


Number of mice and strain 


Per cent deposited in upper respiratory 


tract (trachea and skinned head 


and subsequently swallowed 


Per cent immediately present in 
GI tract 


Per cent immediately present in 
lung 


Per cent present in lung after 24 hr 


Experiment no. |. 
0.05-5 yu. 
Experiments nos, 2, 3, 5,6 and 7. 


range = 0.01-4 uw, mean = 0.33 uw, median = 0.2 pa. 
Experiment no. 4. 
size range = 0.01—4 uw, mean = 0.14 nw, median 


assayed with the whole-body monitor at weekly 
intervals for 8 weeks after exposure. The low 
body burden at that time, less than 0.02 wc, 
prevented further accurate monitoring. From 
fifteen to twenty mice from other groups were 
serially sacrificed at times up to about 500 
days (70 weeks) after exposure and the total 
content of Ru!®® in all tissues determined. The 
whole-body retention of Ru'®® determined by 


both methods is shown in Fig. 1. 


individual whole-body burdens in per cent of 


the total quantity deposited are plotted log- 
arithmically against time in days. The data 
were corrected for decay, and thus represent 
the biological retention of Ru!®®, 
data were fitted with straight lines by the 
method of least squares analysis. For whole- 
body monitoring from 7 to 56 days, Y 

100i-®- 8, and for the tissue assay method from 
4 to 420 days, Y = 86t-°%, where Y is the 
percentage of the original dose that was present 
at any time /, in days, after administration. 


15 min 


Ru!°*O, fog produced by aspirating a suspension, (5 


Ru!°*Q, fog produced by combustion of ruthenium acetate aerosol, (1 
0.06 nm. 


Averages of 


Both sets of 


1 hr 


10 
BAF, 


14 10 


A capsule containing 25 wc Ru!°*O, dust was fired into a 7-l. chamber, particle size range = 


10-3 jzc/cm), particle size 


1074 c/em*) particle 


The retention of many radioisotopes has been 
observed by other investigators to follow a 
straight-line relation when plotted logarithmic- 
ally"-® and indicates that a_ progressively 
decreasing fraction of the deposited material is 
retained per unit of time. 

Shown also in Fig. | are the data for lung 
burdens obtained by assay of dissected tissue 
and are expressed as a percentage of the total 
Ru?® deposited. For lung, Y = 60t-°*? and 
is similar to that for the whole body. Pulmonary 
clearance is discussed further in a subsequent 
section. 


Translocation 


To determine the translocation of Ru! 
from the lung to other tissues and the turnover 
from those tissues, mice were killed at various 
times up to 70 weeks after exposure by method 

2). The distribution of Ru! in these tissues is 
shown in Fig. 2 and is expressed as the percent- 
age of the total Ru’®® originally deposited. A 
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Y =100t~°-95 (WHOLE BODY BY 
WHOLE BODY MONITOR) 


° 


Y2861t~0-.96 
¥=60t~ 9-97 (WHOLE BODY BY ASSAY 
(LUNG ONLY, OF ALL TISSUES) 

BY TISSUE ASSAY) 
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Fic. 1. Retention of Ru!® in mice. 
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Fic. 2. Translocation of Ru'®6O, (based on total deposition). 
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Fic. 3. Translocation of Ru!*O, 


plot is used for graphic 
purposes only. For the first few days after 
exposure the largest percentage of deposited 
Rul the gastrointestinal tract and 
somewhat in lung and trachea. Small 
percentages appeared in other tissues including 
muscle, kidney and ovary. Other tissues 
including spleen and liver contained even less 
and are not included in the figure. The im- 
appearance of about | per 
deposited Ru! in these somewhat 
distant from the areas of deposition, 
the presence of some soluble ruthenium com- 


semi-logarithmic 


was in 
less 


bone, 


mediate 
tissues, 
suggests 


pounds mixed with the oxides. 


Throughout the remainder of the experi- 
ment, 
the deposited Ru'®®, but decreased in total 
content while other tissues remained about the 


same or showed slightly increased Ru!®® con- 
tent. 
the original total dose after 
whole-body burden was about 0.4 per 
Although ruthenium is not generally considered 


a bone-seeking element, the build-up of Ru! 


70 weeks when the 
cent. 


in bone in these experiments was greater than 


in any other tissues, accounting for about 


cent of 


the lung contained the largest fraction of 


The lung contained about 0.1 per cent of 


(based on concentration in tissues). 


one-fourth of the total body content after 70 
weeks. The muscle content was two-thirds that 
of bone. 

For purposes of hazard evaluation the con- 
centration rather than total quantity in a 
particular tissue is usually more important 
because the absorbed dose of radiation is 
dependent upon the radioactivity per gram of 
tissue. In Fig. 3 the concentration of Ru!®® for 
several tissues at various times after exposure 
is expressed as per cent per gram of tissue of 
the total-body deposited Ru!*®. The selective 
translocation of Ru!®® from lung to other tissues 
is more apparent than is indicated in Fig. 2. 
Although quantitatively it was shown in Fig. 2 
that a large proportion of Ru!®® was trans- 
located to bone and muscle, relative to the 
weight of tissue larger proportions were trans- 
located to ovaries, adrenals, spleen and 
kidney. 

It was interesting that, despite the consistently 
high concentration in ovary and adrenals, 
autoradiograms of these tissues have shown 
nothing. However, since the autoradiograms 
were prepared from only a few sections it was 
possible to have missed the Ru!®®, 
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(PER CENT) 


BIOL. HALF-LIFE 
(DAYS ) 


re) 


7 
28 


PER CENT OF TOTAL DEPOSITED IN LUNGS 


20 30 


40 50 


TIME IN WEEKS AFTER INHALATION 


Fic. 4. Pulmonary retention of Ru!®Q,,. 


Lung clearance 

The clearance of Ru!®® from lung is of 
particular interest because it was the tissue 
containing the largest quantity throughout the 
experimental period. The lung clearance of 
Ru!6 was determined from the assay of lung 
tissue removed from mice killed at intervals 
after being exposed by method (2). The data 
in Fig. 4 are expressed as the percentage of the 
total Ru! originally deposited in lung and are 
corrected for the radioactive decay of Ru!®®, 
Each point represents the mean value for from 
twelve to twenty mice and the standard 
deviations are shown. The clearance curve was 
resolved into three exponential components 
each having a different slope corresponding to 
the half-life of a particular fraction of the 
deposited material. The equation for clearance 
is of the form, p Ae-* + Bet +. Ce-*', where 
p is the percentage of the total material originally 
deposited in the lung that is present at a given 
time ¢. In this study p = 83 per cent e~°"! 
15 per cent e~° 4 + 2 per cent e~°°8*, Bio- 
logical half-lives for each of these fractions were 
7, 28 and 230 days, respectively. The effective 
half-lives were 7, 26 and 140 days. 


DISCUSSION 


Deposition and distribution 


The International Commission on Radio- 
logical Protection assumed for man that 25 
per cent of the quantity of an inhaled substance 
that is not readily soluble is exhaled, 50 per cent 
is deposited in the upper respiratory passages 
and swallowed, and 25 per cent is deposited in 
lungs, half of which is present 24 hr later.“ 
These values compare favorably with experi- 
mental data observed in the present study. 
Although this is of interest, it does not neces- 
sarily validate the ICRP assumptions for man 
since a firm basis for the extrapolation of 
respiratory physiological data from mouse to 
man has not been established. The 24 per cent 
deposition in lungs of particles with a mean 
size 0.14 and 0.33 yw observed in this study is 
within the range of theoretical and experimental 
data summarized by Huttevist™, The total 
respiratory tract retention of particles between 
0.1 and about 0.6 mw in diameter was between 
20 and 40 per cent. The agreement of our 
mouse data with both experimental and 
theoretical data of others may only be fortuitous, 
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especially since it was necessary to assume a 
value for the mean minute volume. Also, many 


factors which were not controlled in these 


experiments are known to alter deposition of 


particles. These include respiratory frequency 
and tidal volume as was recently pointed out 
by STANNARD and Morrow."”) Therefore, the 
deposition in ‘Table | may serve only as a point 
of reference for these studies. 


Retention and translocation 


The whole-body turnover of Ru! after 
inhalation was somewhat different than reported 
earlier after intratracheal injection where the 
percentage of the original dose at a given time 
after administration was expressed by 
power-function equations"*), The initial portion 
of the curve, 3-59 days, was expressed by 
110¢-°4 and the latter portion, 59-427 days, 
by 1700t-1-®. Ru!®® showed a higher retention 
during the time after intratracheal 
administration than inhalation. In this study 
the slopes of the inhalation curves given by the 
This is in agree- 


two 


earlier 


exponents were about |. 
ment with the second phase of the intratracheal 
experiment. Despite the demonstrated trans- 
location of a fraction of the deposited Ru!®® the 
turnover of Ru!®® from lung proceeded at about 
the same rate as from the whole body. This 
lends credence to the idea of using whole-body 
monitoring techniques for determining pul- 
monary clearance in humans exposed to Ru!*Q,, 

The translocation of Ru'®® after deposition in 
the respiratory and gastrointestinal tract by 
inhalation was similar to that following intra- 
tracheal administration with the exception that 
retention was reduced by 10 per cent.“* In 
both studies high concentrations were found in 
the ovaries. Higher concentrations of Ru! 
also appeared in kidney and spleen but they 
represented only small fractions of the total 
amount deposited. In general, the distribution 
of Ru?!® translocated from lung did not differ 
appreciably from that reported by otners for 
intravenous, intraperitoneal, intragastric and 
intratracheal administration of Ru!®®Cl in 
rats."“4 Therefore, it is reasonable to assume 
that translocation of Ru! from lung to other 
tissues proceeded largely as a result of slow 
solubilization of RuO, retained in lung and 


probably in the associated lymphatic tissues. 
Absorption of ruthenium from the gastro- 
intestinal tract is considered negligible since 
Tuompson et al." found, at most, only a few 
per cent absorbed in rats after ingestion of 
compounds more soluble than RuQ,. 

Because the lung contained the major 
portion of Ru!® throughout the duration of 
the experiment, both in total quantity and in 
concentration, it was the lung that received the 
greatest total radiation dose. An estimate of this 
dose is of interest in explaining possible path- 
ology being studied in a parallel experiment. 
This estimate may be obtained from the lung- 
clearance data with the necessary assumption 
that the Ru!®® is uniformly distributed through- 
out the lung tissue.* Using the equation of 
LoeEvINGER et al.“°) and the exponentials for the 
clearance of Ru!®®, the total dose to lung over 
the 70-week period was about 4600 rads/ yc 
deposited in lung by inhalation. For the mice 
in this experiment depositing 0.1-0.5 yc, the 
total dose was 460-2300 rads. The estimated 
minimal dose at which an occasional lung cancer 
could be expected is about 1000 rads."® Lung- 
cancer was not detected by gross inspection of 
the mice in this experiment. 


Maximum permissible limits 


The clearance data can be used to derive a 
maximum permissible concentration of Ru!®*Q, 
in air by making several assumptions. In effect, 
one extrapolates from mouse to man and from 
a single exposure situation to one where 
exposure might be daily or continuous. The 
lung is assumed the critical organ and the Ru! 
is assumed uniformly distributed throughout 
lung tissue. Extrapolation from mouse to man 
is based on differences in organ weight and 
ignores differences in physiology. 

To extend the results obtained from lung- 
clearance studies following a single day’s 
inhalation to the condition of daily administra- 
tion, certain mathematical manipulations can 
be used. In general, these amount to finding 
the summation of an infinite number of daily 


* Although autoradiograms show non-uniform distribu- 
tion of Ru'®* in lungs and other tissues. 
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doses and calling the result the dose at equi- 
librium. Specifically, if gy is the number of 
microcuries deposited in the lungs by | day’s 
inhalation, and q is the number of microcuries 
that remain after some time, ¢, then the percent- 
age of that originally deposited which is present 
at ¢ is 
p — 1004 
qo 
If the doses are repeated daily, the sum of the 
daily percentages present becomes 


P=p, + pPot---+Pn 
P= 3% 


1 


(1) 


(2) 


Assuming daily doses are the same as continuous 
doses, then from the calculus 


t 
P= ['p dt 
Jo 


(3) 


since each incremented p in equation (2) varies 
with time. 
Experimentally, it was found that 


p Ae Be-*! Cet (4) 


Upon substituting this value for p in equation 
(3) and integrating between the limits shown 
C 
é wad) r= (1 


€ 

(5) 
From the experimental data the longest effective 
half-life observed for inhaled Ru!®® is 140 days, 
which is small compared with 50 years, the 
duration assumed for continuous exposures.“® 
Therefore, it is sufficiently accurate, for pur- 
poses of permissible limit estimations, to 
integrate equation (3) between and 
infinity. This gives the equilibrium value for P: 


zero 


(6) 


This is the number of microcuries of Ru!®® that 
should be present in the lung after deposition 
of 100 ue daily has occurred sufficiently long to 
reach the point when the rates of deposition 
and clearance are equal. On_ substituting 
experimental data for the right-hand members 


of equation (6) one obtains the number of 


microcuries that results: 
83 ‘is 2 
“4 0.099 0.0267. 0.0049 
= 838 561 +- 408 = 1807 we 


D 


(7) 


For any number of microcuries deposited daily, 
q, other than 100, the equilibrium quantity 
present will be 
2 
Quy = <2 
eq 


—-. 8 
100 (8) 


q = 18.14 
The value for the maximum permissible lung 
burden at equilibrium, Q,,, for Ru!®O, is given 
as 0.6 wc by the ICRP.“® From equation (8), 
the corresponding maximum daily deposited 
amount is 


0.6 
4 0.033 pc (9 
1= 7.8 t (9) 
The quantity daily deposited is some fraction, 
J, of the quantity daily inhaled. Taking f - 
0.25," the permissible daily inhaled amount is 


0.033 


— = (0.13 uc 
0.25 


(10) 
This results from daily inhaling a volume of air 
containing M yc/cm’. Taking 10’ cm® as the 
volume of air inhaled by the standard man, ®) 
the permissible air concentration is 


1.3 (11) 


10-8 ye/cm? 


This value is not markedly different from 
estimates derived in studies of intratracheally 
administered Ru!®Q,.¢8) The MPC,,;,) for a 
40-hr week recommended by Committee II 
on Permissible Dose for Internal Radiation, 
ICRP, as well as the NCRP“” for insoluble 
Rul is 6 x 10-%uc/em’, 

It is hoped that a more satisfactory basis for 
determining the maximum permissible concen- 
tration in air will be forthcoming with the 
completion of toxicity experiments on several 
species of animals. 

SUMMARY 

(1) The pulmonary deposition of inhaled 
Ru!°®Q, particles in mice was about 25 per 
cent of the total inhaled and was comparable to 
data published by others for particles of similar 
size. 
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(2) The clearance of Ru! following inhala- 
tion of Ru!®O, determined by whole-body 
counting techniques approximated the value 
obtained for pulmonary turnover by serial 
sacrifice techniques. The rates were not in 
disagreement with earlier published data for 
intratracheal administration. 

(3) Distribution of the small fraction of Ru 
translocated from lung was not markedly 
different from data published by others after 
administration of soluble forms. 

(4) About 2 per cent of Ru!®® deposited in 


lung was retained with a biological half-life of 


230 days. The total dose to lung tissue per 
microcurie of Ru!®® deposited in lung was about 
4600 rads. Extrapolation of the data to man on 
a basis of difference in organ weight only, and 
assuming lung to be the critical organ, an 
MPC air) for Ru!®O, of 1.3 10-8 we/cm? for 
a 40-hr week was derived. 
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NOTE 


Comments on the Revision to Appendix B, 
NBS Handbook 61 


(Prepared by Health Physics Society Committee on 
Radiation Regulation) 


Tue Committee on Radiation Regulation of the 
Health Physics Society has reviewed the revised 
“Suggested Radiation Protection Regulations” draf- 
ted by the NCRP Subcommittee 10, and published 
in this issue of Health Physics (Vol. 5, p. 1). The 
Committee feels that a number of improvements have 
been made over the earlier version of the “model code” 
as originally published in Appendix B of NBS Hand- 
book 61. During its review, however, the Committee 
noted several points that mighi prove undesirable if 
the sections involved were enacted, as now written, 
into State Radiation Safety Codes. These points are 
discussed below. 

The term ‘‘Health Physicist” has been substituted 
in the revised Model Code for the term ‘“‘Qualified 
Expert”’ used in the original version of Appendix B. 
Through the activities and efforts of the Health 
Physics Society, and as a result of the certification 
program of the American Board of Health Physics, 
health physics is becoming more generally recognized 
as a scientific speciality practiced by persons with 
extensive training and experience and with high 
professional qualifications. Section 9(a) of the Model 
Code requires all users to provide for the services of a 
Health Physicist without distinction as to the need for 
such service. There are many “users” whose radiation 
installation consists of only one X-ray machine or 
perhaps only microcurie amounts of tracer material 
which may require only a trivial amount of health 
physics supervision. In such cases, the user himself 
can be sufficiently informed to provide the safety 
controls for the operating procedures involved. ‘The 
services of the Health Physicist should be reserved for 
those hazard-control problems which require his 
special training and professional experience. In any 
case, the number of available Health Physicists, 
especially those that shall have been certified, is likely 
to be limited for some years to come. If radiation 
protection regulations are adopted using the term 
“Health Physicist”’ as in the Model Code, by necessity 
the term would have to be interpreted loosely (as 
implied by the definition given in Section 3) to include 
hundreds of persons whose knowledge of radiation 
hazard control may be adequate for limited or for 
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special radiation programs but who would hardly 
qualify as professional Health Physicists. This could 
prove a serious detriment to the Profession and to its 
continued development. 

The term “Qualified Expert’’ as used originally in 
HB 61 is subject to similar objection. Perhaps a more 
suitable term to use is “Qualified Person”’ or “‘Quali- 
fied Individual’? as in the New Jersey Code. The 
principle to be established is that a person should be 
available who is qualified to cope with the specific radi- 
ation safety problems presented by the radiation instal- 
lation and its operation. He need not necessarily be a 
professional Health Physicist, unless the problems are 
such that one is really required. If the term “Qualified 
Person”’ or “‘Qualified Individual”’ is used, the defini- 
tion in Section 3 might include a_ parenthetical 
statement such as the following: (In judging the 
ability of the “Qualified Individual”, the Agency may 
be guided by the requirements for certification of 
Health Physicists by the American Board of Health 
Physics, of Radiological Physicists by the American 
Board of Radiology, etc.) 

Sections 7 and 8 contain the requirements for 

personnel monitoring in controlled areas and the 
keeping of monitoring records. It would seem more 
desirable to base monitoring requirements on the 
probability of exposure than on the definition of 
controlled area. In certain radiation installations 
such as hospitals and teaching institutions, it would be 
impractical and unnecessary to monitor all persons 
who enter for short periods of time a controlled area 
as defined in Section 3. It does seem sensible, how- 
ever, to require personnel monitoring under conditions 
of possible exposure above certain reasonable levels. 
Perhaps one way for permitting more flexibility in 
applying the monitoring requirements is to reword 
Section 7(b) and Section 8(a) as follows: 
7 (b). The user shall provide for routine personnel 
monitoring for external exposure of all persons within 
a controlled area under such circumstances that they 
receive or are likely to receive a dose in excess of 
(10, per cent of the appropriate limits 
specified in Section 6(a). However, on the advice of 
a Qualified Person (Individual), personnel monitoring 
shall not be required providing: 

(1) The dose rates at which any person is exposed 
are predictable, or the dose to all exposed persons is 
determined by some other reliable means, and 

(2) There is reasonable assurance that an accident 


25, etc. 
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causing exposure in excess of the exposure limits 
specified in Section 6(a) will not occur. 
8 (a). The keep 


records for each person for whom personnel monitoring is 


user shall individual exposure 


require d. 

It has been pointed out to the Committee that 
Section 2 does not exempt from the monitoring and 
record-keeping requirements the personnel monitoring 
of patients receiving doses of radiation strictly for 
Un- 
doubtedly, this interpretation was not intended by 
the NCRP Subcommittee No. 10 for the Model Code 


the purpose of which is to regulate occupational and 


purposes of medical diagnosis and _ therapy. 


not medical exposure. In order to avoid the techni- 
cality resulting from a literal interpretation requiring 
monitoring of all persons including patients, considera- 
tion should be given to adding a statement to Sections 


7(b) and 8(a) to the effect that, “the requirements of 


this part shall not apply to the radiation intentionally 
applied to patients for diagnostic or therapeutic 
purposes by, or under the direction of, a licensed 
physician or dentist”’. 

Section 13(b) (2) sets limits on the total quantity of 
radioactive wastes that may be released in 24 hr. It 
is not clear whether these limits apply to the discharge 
of activity into the atmosphere or to the release into 
sanitary sewage systems, or both. In any case, the 
proposed limits may be unnecessarily restrictive for 
certain installations which could otherwise safely 
dispose of considerably greater quantities by taking 
advantage of dilution techniques to assure allowable 
concentrations of radionuclides in uncontrolled areas. 
It would seem that the AEC approach used in 10 
CFR 20.303 is more successful in achieving the degree 


of flexibility required to meet the varying needs of 


The AEC also exempts from its 
patients undergoing 
with 


individual 
limits 
diagnosis or 


users. 


disposal excreta from 


medical therapy radioactive 


materials. It would not be practical to apply the 
requirements of the Model Code, as written in 
Section 13, 
patients. 
The Committee on Radiation Regulation of the 


Health Physics Society offers the comments above for 


to the release of radioactive excreta from 


the consideration of agencies who may choose to use 
the Model Code as a basis for drafting their own 
radiation regulations, or for persons who may be in 


the position to advise in the drafting of such codes. 


The Committee welcomes suggestions from anyone 


wishing to comment on radiation regulations in 


general, or upon the activities of the Committee. * 


* Comments may be sent to the Committee Chairman, 
Rosert O. Gorson, Department of Radiology, Jefferson 
Medical College Hospital, Philadelphia 7, Pa. 


NOTE 


HEALTH PHYSICS SOCIETY 
PLACEMENT COLUMN 


Orders for ads to be sent prepaid to the Placement | 
Committee at the address below. Ads will appear 
in the next issue following receipt. 


1-Time Charges: 

$0.25 per word 
($4.00 minimum) 
$1.00 per word 
($15.00 minimum) 


Position wanted: 


Position offered: 


Replies to employer or to 
Mr. Joseph A. Lenhard, 
Chairman Placement Committee H.P. Society 
Research and Development Divison, USAEC 
P.O.B. E, Oak Ridge, Tenn. 


POSITIONS OFFERED 
HEALTH PHYSICIST 
Immediate opening for a professional health physicist to perform both 
routine and non-routine radiation protection activities associated with 
the operation of a 5 MW research reactor, hot cells, and radioisotope 
laboratories. B.S. or M.S. with 6 to 18 months health physics experi- 
ence required. Graduate of AEC Radiological Physics Fellowship 
program preferred. Resume should be submitted to: 


Dr. Epwarp L. ALEXANDER 

Manager, Radiological Sciences 
Columbia University 

c/o Industrial Reactor Laboratories, Inc. 
Plainsboro, New Jersey 


CALIFORNIA 
seeks 
HEALTH PHYSICISTS 
for 
DEPARTMENT OF PUBLIC HEALTH 
in Berkeley 
Investigates radiological health hazards and sources of 
ionizing radiation. Directs health physics training 
programs. 
Qualifications: College degree in Physical or Life 
Sciences including courses in nuclear or health physics or 
radiation biology. 
For Senior: Five years of professional experience, two 
years of which must have included responsibility for a 
major program in radiological health. 
Salary: $9,384—$11,400. 
For Associate: Three years of professional experience in 
health physics. 
Salary: $8,112—$9,852. 
Send Resume by May 5, 1961, to 
C. S. WARNER 
ENGINEERING PERSONNEL SERVICES 
CALIFORNIA STATE PERSONNEL BOARD 
801 CAPITOL AVENUE 
SACRAMENTO 14, CALIFORNIA 
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THE CONTAMINATION OF RIVERS WITH FISSION 
PRODUCTS FROM FALLOUT 


A. MORGAN and D. G. STANBURY 
Health Physics Division, Atomic Energy Research Establishment, Harwell, Berks. 


(Received 15 December 1959) 


Abstract—The concentrations of some fission products in rain water falling on the catchment 
areas of three Thames tributaries are compared with the concentrations in river water over 
monthly periods. The fission products selected were Sr8%, Sr9°, Cs!87 and Cel, 

A comparison of the concentrations in corresponding samples of rain and river water showed 
that natural decontamination factors were smallest for Sr®° and greatest for Ce!4. The Sr? 
concentrations in river water appear to depend to some extent on the permeability of the sub- 
soil in the catchment area, which suggests that surface run-off is an important source of con- 
tamination. The amount of Sr®® leaving each catchment area in the river is compared with 
the amount deposited. Normally less than | per cent leaves in the river, but in periods of heavy 
rain and high flow rates this may be considerably increased due to desorption from the soil 
and enhanced run-off. 

The effect on the Sr®° concentration in river water of (a) increased testing of nuclear weapons 
and (b) a reactor accident are discussed briefly. 


INTRODUCTION 
IN RECENT years increasing attention has been 
paid to the possible contamination of drinking 
water supplies with radioactive materials. The 
measurements of Stewart ef al.” in the United 
Kingdom and of Kaun and ReyNo ps"? in the 
United States, have shown that water from 


rivers and lakes contains detectable amounts of 


Sr®° and Cs!8’, which are potentially the most 
hazardous of the long-lived fission products. 
These fission products, derived from the testing 
of atomic and thermonuclear weapons, are 
normally washed out of the lower atmosphere 
by rain after a hold-up period in the strato- 
sphere, during which time the shorter-lived 
nuclides decay. In the U.K. at the present 
time, drinking water from rivers and lakes pro- 
vides only a small fraction of the total dietary 
intake of Sr®® and Cs!87__ However, it is impor- 
tant to know how the concentration of these 
nuclides will be affected by a sudden increase 
in deposition, whether from nuclear weapon 
testing or from a reactor accident. 

The object of this experiment was to compare 
the depositions of some of the longer-lived 


fission products occurring in fallout on three 
catchment areas, with the amounts leaving in 
the rivers, in order to obtain information on 
their retention and on the natural decontamina- 
tion processes involved. By making measure- 
ments on rivers flowing off different geological 
formations, it was hoped to discover whether 
the nature of the sub-soil had any effect on the 
decontamination process. 


METHODS 

The rivers selected were the Windrush, Ock and 
Pang, which are all tributaries of the River Thames. 
The geological formations in the three catchment 
areas are shown in Fig. 1. The Windrush and Ock 
flow mainly off limestone and clay, respectively, while 
a considerable portion of the Pang catchment area is 
chalk. 

One-gallon grab samples were collected three times 
weekly from each river and bulked in large Polythene 
containers. No attempt was made to weight the 
volume of the sample according to the flow rate. A 
continuous record of the Windrush flow rate at the 
confluence with the Thames was made available by 
the Thames Conservancy Board, who also calibrated 
headwater piles in the Ock and Pang, enabling 
periodic measurements of their flow rates to be made. 
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Rainwater collection o 


rencester 


Great Oolite series 
Oxford clay 
Corallian 


Kimmeridge clay 
0 10 


Upper greensand 


e 
Scale of miles 
| Chalk 


Reading beds 


Fic. 1. 


Map showing geological formations in 
three catchment areas. 


‘The results of flow-rate measurements on the three 
rivers, together with local rainfall data covering the 
same period, are shown in Fig. 2. The permeabilities 
of the different sub-soils are reflected in the variation 
of flow rate with rainfall, the Ock being highly 
sensitive, while the Pang is relatively unaffected. 

Monthly rain-water samples were collected in two 
Polythene rain gauges at a single station in each 
catchment area. The positions of these stations are 
shown in Fig. 1. The rain gauges, containing solutions 
of carriers and a little nitric acid were placed in 
position on the first day of each month and replaced 
on the first day of the following month. Mean 
monthly rainfall figures for the three catchment areas 
were supplied by the Meteorological Office and this 
information, together with the measured concentra- 
tions of the various nuclides in the rain-water samples, 
enabled the monthly depositions on each catchment 


area to be calculated. 


Analysis of samples 


The methods used in the radiochemical analysis of 


rain-water and river-water samples for Sr8%, Sr®°, Cs!87 
and Ce! were based on those described by OsMonp et 
al.°) Calcium was removed from the strontium by the 
fuming nitric acid method of WiLLArp and Goop- 
spEED™) and standard radiochemical procedures were 


used for the subsequent purification of the strontium, 
caesium and cerium. 

The volume of river water (60 1.) used in each 
determination was such that the natural strontium 
content had to be taken into account when estimating 
the true recovery of strontium carrier. The natural 
strontium content of calcium carbonate samples pre- 
cipitated from water taken from each of the three 
rivers was measured by flame photometry. The 
values obtained were 2.7, 3.7 and 2.1 mg strontium 
per g calcium in samples of carbonate from the 
Windrush, Ock and Pang, respectively, and it was 
assumed that these values were constant for all samples 
from the same river. 

All activity measurements were made with end- 
window Geiger counters calibrated with sources pre- 
pared from standard solutions of Sr8%, Sr9°—Y, Cs187 
and Ce!4—Pr! obtained from the Isotope Division, 
AERE, Harwell. Even with samples of 60 1. the 
activities of sources prepared from river water were 
small and the counters were invariably used in anti- 
coincidence arrays which gave backgrounds of from 
1 to 1.5 counts/min. 


Daily rainfall at Abingdon 


River Windrush —— 
River Ock rs} 


River Pang 


Fiowrate, 
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Flow rate and rainfall measurements 
August—October 1958. 
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Catchment 


area 
Windrush 
Ock 
Pang 


Windrush 
Ock 
Pang 


Windrush 


* All Sr®® and Ce" activities are corrected to the fifteenth day of the month in which the sample was collected. 
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Month 
(1958) 


August 
August 
August 


September 
September 
September 


October 
October 
October 


Table 1. Concentration 


Rainfall 


Sr89* 


87 
70 


103 
112 
117 


101 
114 
112 


ws of nuclides in rain water 


In an attempt to detect and identify y-emitting 
fission products other than Cs!87 and Cel, the y- 
spectra of some rain-water and river-water samples 
were measured. These samples were acidified, con- 
centrated to a volume of | |. and poured into a 
container of 6 in. diameter and 4 in. deep, fabricated 
in Polythene. The container had a 2-in. deep recess 
in the underside, so that it fitted closely over a 3-in. 
diameter Nal (TI) crystal. The crystal was operated 
in conjunction with a photomultiplier and multi- 
channel pulse-height analyser. 


RESULTS AND DISCUSSIONS 
The rainfall data from the Meteorological 
Office and the results of the analyses for Sr, 
Sr®°, Cs!87 and Cel in the various rain-water 


Cel44* 


Cs187 


Sr89/Sr90* 


(upuc/1.) 


3.9 
3.9 


samples are given in Table 1. The concentra- 
tions of the same nuclides and also of calcium 
in the river-water samples are given in Table 2. 

Rain water may find its way into streams 
and rivers by a number of routes. It may fall 
directly into the river or reach the river in- 
directly by surface run-off within the drainage 
area, particularly during periods of heavy rain. 
In dry spells, much of the flow is normally 
derived by seepage from the ground water 
reservoir. The high concentration of fission 
products found in surface soil by GusTarson 
et al.) suggests that radioactive material is 
quickly removed from rain water percolating 
down through the soil by adsorptive or exchange 


Table 2. Concentrations of nuclides and calcium in river water 


Calcium 


(g/l.) 


0.086 
0.092 
0.085 


‘ Month 
River (1958) 


Windrush | 
Ock 
Pang 


August 
August 
August 


0.078 
0.104 
0.085 


Windrush 
Ock 
Pang 


September 
September 
September 


0.102 
0.138 
0.099 


October 
October 
October 


Windrush 
Ock 


Pang | 


Sr89* 


S90 Cs137 Cel44* 


Sr89/Sp90* 
(upc/l.) nee 


6.5 
6.1 
8.8 


0.14 
0.14 
0.33 


0.23 
0.32 
0.13 
0.10 


0.15 
0.23 


0.15 
0.21 
0.08 


0.05 
0.11 
0.09 


0.55 


0.14 


0.06 
0.04 
0.06 


0.29 
0.53 
0.18 


* All Sr*® and Ce™™* activities are corrected to the fifteenth day of the month in which the sample was collected. 
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Table 3. 


Calcium 
(g/l. 


Flow rate 
‘£3 /se - 


Date of 


Collection 


234 


202 


0.107 
0.118 


6/10/58 
6/11/58 


Consequently the concentration of 


processes. 
fission products in rain water reaching rivers 
indirectly, will inevitably be depleted. This is 
confirmed by the measurements of STEWART 
et al.) who have shown that the concentrations 
of Sr®° and Cs}8? 


is normally ten times less than in rain water 


in water from rivers and lakes 


and a hundred times less in water from deep 


wells. 


Importance of surface run-off 

If ground water is completely free of fission 
products, then surface run-off is likely to be 
the main source of contamination where rivers 
are concerned. This is confirmed by the fact 
that in each month the Sr8% and Sr®® concentra- 
tions are greatest in the Ock and least in the 
Pang. This effect is attributed to the different 
geological characteristics of the catchment areas. 
The Ock and lower reaches of the Windrush 
flow through impervious clay soil where the 
surface run-off of rain water may be consider- 
able. On the other hand, a large proportion of 
the Pang catchment area is chalk, through 
which rain water will percolate and lose its 
activity before finding its way into the river or 
Additional evidence 
for the importance of run-off is shown by the 


ground water reservoir. 


analysis of grab samples from the River Ock, 
collected during or shortly after periods of 
heavy rain. ‘The results for two samples are 
given in Table 3 and they show higher concen- 
trations of Sr8*, Sr®° and Cel! than in any of 
the monthly samples, despite the fact that the 
volume flow was about ten times higher than 


normal. 


Hold-up times 

A comparison of SrS*/Sr%® ratios in radio- 
and 
samples gives some measure of hold-up times as 
the Sr8® has a short half-life compared with 


strontium from rain water river water 


Sr89 


7.39 
8.88 
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Results on grab samples from the river Ock 


S90 Cs137 Cel4 


89/590 
(uue/l. ee 


0.83 
0.74 


0.73 
1.21 


8.9 
12.0 


0.07 
0.08 


that of Sr®°. Similar values for this ratio in rain 
and river water would be consistent with short 
hold-up times. During the course of the experi- 
ment, the Sr8*/Sr® ratio in rain water increased, 
so that accurate estimates of hold-up times 
cannot be made, but it is clear from the low 
values for river water radiostrontium that it is 
at least a month older than that in rain. The 
fact that the Sr®° concentration in river water 
increases after heavy rain, as shown in Table 3, 
while the Sr89/Sr® ratio is still less than half 
that in rain water, suggests that under these 
conditions, desorption of Sr®° from the ground 
may be increased. Desorbed radiostrontium 
would have a depressed Sr®*/Sr®° ratio, which 
would reduce the high ratio which might be 
expected in river water, if all the activity was 
derived from surface run-off and rain falling 
directly into the river. This would account for 
the low values for this ratio found in the 
October samples when flow-rates were abnorm- 
ally high and the Ock overflowed its banks in 
many places. The calcium contents of the 
October river-water samples are higher than in 
either of the other 2 months, and as this calcium 
must have been dissolved from the soil, it is 
likely that some of the radiostrontium will be 
derived from that source also. Both EpEen‘® 
and SrePpANnov'” have shown that the adsorption 
of radiostrontium on river mud is a reversible 
process and it is likely that the same will apply 
to soil. 


Retention of Sr®° within catchment areas 

Flow measurements made on the three rivers 
during August, September and October enable 
estimates to be made of the Sr®® leaving each 
catchment area in the river. These figures are 
given in Table 4 and are compared with the 
monthly depositions calculated from the rainfall 
data and catchment areas. The catchment 
areas above the sampling points, are estimated 
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Table 4. Comparison of Sr®° deposited on the catchment areas with that leaving in the rivers 


Sr® deposited on 
catchment area 
(mc/month) (a) 


Month 


August 
August 
August 


Windrush 
Ock 
Pang 


September 
September 
September 


Windrush 
Ock 


Pang 


October 
October 
October 


Windrush 
Ock 
Pang 


to be 363, 264 and 155 km? for the Windrush, 
Ock and Pang, respectively. It can be seen 
that under normal conditions, more than 99 
per cent of the deposited Sr*%° is retained in 
herbage and soil and does not leave the catch- 
ment area. After heavy rain when flow rates 


are abnormally high, as much as 6 per cent of 


the deposited Sr®® may appear to leave the 
catchment area. Although some of this will be 
due to enhanced run-off, it is likely that under 
such circumstances, a considerable contribution 
will be due to Sr®® desorbed from the soil. 


Natural decontamination factors 

A comparison of the concentrations of the 
selected fission products in corresponding rain- 
and river-water samples for each month shows 


that the difference is greatest in the case of 


Cel, The range and median values for the 
natural decontamination factors (concentration 
in rain water/concentration in river water) for 
the various nuclides are given in Table 5. 

For the shorter-lived nuclides, hold-up times 
will enhance their decontamination factors and 
this accounts to some extent for the different 
values for Sr89 and Sr9®. However, the fact that 
the value for Ce (half-life 285 days) is 
considerably greater than that for Sr®® (half-life 
51 days), confirms the conclusion that natural 
processes are more effective at removing Ce! 
from rain water than is the case with the other 
nuclides considered. These results are in agree- 


Sr® leaving 
catchment area 
(mc/month) (6) 


1.24 
0.337 
0.126 


0.819 
0.244 
0.080 


ment with the work of Epen‘® who has shown 
that both Cs!*? and Cel are more strongly 
adsorbed than radiostrontium on river mud. 
That this selective removal of Cel‘ continues 
in the river is shown by the analysis of suspended 
material filtered from the October river-water 
samples. In the case of Cel, the activity 
associated with the suspended matter from | 1. 
of the original sample is approximately equal 


Table 5. Decontamination factors for various nuclides 
(all rivers) 


Decontamination factor 
Nuclide 
Range Median 
>-250 
50 
130 
840 


to that in solution in | |. For both Sr® and 
Cs!87, however, the activity on the solids is an 
order of magnitude less than that in solution. 
The y-spectrum of a concentrated river-water 
sample shown in Fig. 3, displays clearly the 
presence of radioruthenium (probably Ru! 
Rul*) and Zr® + Nb®. Comparing the 
spectra from various samples shows that the 
concentrations of these nuclides in flood water 
from the Ock are greater than in any monthly 


THE 


Counts / channel 


Channel number 
y-Spectrum of concentrated river- 
water sample. 


sample from that river and the lowest concentra- 
tions are found in monthly samples from the 
Windrush and Pang. 


Effect of increased Sr®® deposition 

In estimating hazards resulting from the 
ingestion of radioactive nuclides, the Inter- 
national Commission on Radiological Protec- 
tion'®) have maximum permissible 
drinking water (MPC),, for 
occupationally exposed persons. The (MPC),, 
for Sr®® is two orders of magnitude smaller than 
for any of the other nuclides considered in this 
paper, and this fact together with the relatively 
small decontamination factor for Sr®® combine 
to make the hazard from the other fission pro- 
comparison. Consequently 
further discussion will be restricted to this 
nuclide. In deriving (MPC),, values, it is 
assumed that intake of the nuclide considered 
is from drinking water only. At the present 
time, however, only a few per cent of the total 
Sr®® in human diet is normally derived from 
drinking water, so current concentrations cannot 
be compared directly with the (MPC),,. 


derived 
concentrations 


ducts small in 
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There are two situations which could lead to 
an increase in Sr®° concentration in rivers: 
firstly, an increase in fallout from weapon 
testing with widespread dissemination of fission 
products over comparatively long periods of 
time; secondly, where deposition is of short 
duration and restricted to a limited area, such 
as might be the case after a reactor accident. 

Continuous widespread deposition resulting 
in an enhanced concentration of fission products 
in rain water would lead to an immediate 
increase in the Sr®® concentration in river water 
due to surface run-off. As the Sr®° accumulated 
in surface soil would also increase under these 
circumstances, it is likely that there would be 
more desorption from soil, but this would be a 
much slower process and its effect on the Sr*° 
concentration in river water would not be 
apparent immediately. If it is assumed that the 
Sr®*° measured in the river-water samples is due 
exclusively to run-off, and is not held up for 
considerable periods within catchment areas, 
then the data in Tables 2 and 4, may be used to 
calculate approximately the depositions required 
to give a certain concentration in river water. 
As the work of VAUGHN et al.'® suggests that the 
passage of river water through purification and 
filtration plant does not reduce the Sr®® concen- 
tration by more than a factor 2, this considera- 
tion may be neglected. As the contamination 
of vegetation and milk with Sr® is dependent 
on the rate of deposition rather than the 
cumulative total in the soil, the contamination 
of foodstuffs would also increase under such 
conditions and drinking water would still pro- 
vide only a small fraction of the total dietary 
intake. 

In the case of a reactor accident giving rise 
to a heavy deposition of both short- and long- 
lived nuclides, the amounts reaching rivers will 
depend to a great extent on the solubility of the 
debris and on the weather conditions prevailing 
at the time. Adsorptive processes, hold-up 
times and dilution all play a part in reducing 
the concentration in river water, giving a large 
intrinsic safety factor which is not readily 
calculable. 
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Abstract 


The spatial, angular and energy distributions of the initial radiation from a nuclear 


weapon were calculated on a theoretical basis. The radiation components considered were 
fission neutrons and prompt fission, fission product and air-capture y-rays. The principal 
simplifying assumptions employed in the theoretical model were neglect of (1) self-attenuation 
in the nuclear weapon; (2) blast effect on air density; and, (3) ground effects. Comparisons 
were made with measured data which clearly demonstrate that the spatial, angular and energy 
distributions of the initial radiations from a nuclear weapon are calculable. 


1, INTRODUCTION 
RapIATION dose received from the initial radia- 
tion of a nuclear weapon, like that from any 
other source, may be reduced by appropriate 
shielding. However, the design of efficient 
shielding, or the evaluation of the shielding 
effectiveness of existing structures, requires a 
detailed knowledge of the spatial, energy and 
angular distributions of the radiation. RiTcHIE 
and Hurst have recently reported measured 
‘nominal 
their 


weapons radiation data of this type for ‘ 
bombs’’ (10—20 kilotons) and discussed 
application in determining the radiation ex- 
posure to survivors of Hiroshima and Nagasaki, 
Japan. 

In addition to the total 


usual y-dose 


neutron dose and neutron fluxes as a function of 


distance in air from a burst, RircuHte and Hurst 


reported measured angular 


neutron flux, neutron dose and y-dose. The 
data, expressed on a per kiloton basis, are 
limited to a range of from 400 to 2200 yd. 
Although the data are the most detailed pub- 
lished in open literature to date, the energy and 
angular distributions are somewhat sketchy; 
energy distributions are given for neutrons only 
and angular distributions are available for only 
one or two separation distances. 


* Work supported by Research and Development Divi- 
sion, Ordnance and Tank Automotive Command (Detroit 
Arsenal), U.S. Army. 


distributions of 


Calculated data would be invaluable to 
supplement the measured data and to provide 
details not easily obtained by experimental 
techniques. Thus, calculations of the initial 
radiation environment from a nuclear weapon 
have been performed and evaluated by com- 
parison with the measured data. The methods 
of calculation were adapted from techniques 
used for Aircraft Nuclear Propulsion shielding 
applications. The methods and their evaluation 
are described in this paper. 


2. THEORETICAL MODEL 

The nuclear weapon was considered as a point 
isotropic source of radiation in an infinite 
medium of air. A source strength of 1.42 « 1078 
uranium-235 fissions per kiloton was assumed. 
The radiation from the point source, called 
primary radiation, was assumed to consist of 
prompt fission y-rays, fission product decay y- 
rays and fission neutrons. Secondary y-rays 
from neutron capture and inelastic scatter in the 
weapon were assumed negligible. In addition 
to the primary radiation, secondary y-rays from 
neutron capture in nitrogen-14 in the surround- 
ing air were calculated. The model, which 
includes both single and multiple scattering of 
radiation in air, is depicted in Fig. |. 

The first step in the calculation 
establish the intensity and energy spectra of the 
y- and neutron radiation leaving the point 
isotropic source. GAMBLE‘) has measured the 


was to 
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energy spectrum of prompt y-rays from U* 
fission. The results show that most of the y-rays 
are given off in the energy range of 0.25-7.0 
MeV. For convenience of calculation, this 
range was divided into the five energy groups 
indicated in Table | and the source strength for 
each group was determined from GAMBLE’s 
data. 

The prompt fission y-rays are emitted while 
the nuclear weapon is still essentially intact. As 
a result, these y-rays are likely to suffer an 


PRIMARY SOURCE 
(U235 FISSION) 


Fic. 1. Theoretical model for radiation 
sources and transfer mechanisms. 


energy groups used for the prompt fission gamma 
calculation and are also shown in Table 1. 
Although the fission product y-rays are unaf- 
fected by self-attenuation, the source is dispersed 
and displaced as the fireball expands and rises. 
This effect should not cause the radiation 
environment at large distances to differ appreci- 
ably from that obtained from a stationary point 
source. A third effect, and one which is likely 
to be most significant for high-yield weapons, is 
the hydrodynamic effect. The blast wave from 


AIR SCATTERED RADIATION 


DIRECT BEAM RADIATION 


A RECEIVER 
“Oo 


4S 
SECONDARY RADIATION 
a. 


SECONDARY SOURCE 
(N'4 (n, ¥) N!5) 


appreciable decrease in intensity and modifi- 
cation in spectrum in penetrating to the 
exterior of the weapon. 
information on the configuration and composi- 
tion it was necessary to neglect self-attenuation 
in the weapon. 

The limitation from neglecting self-attenua- 
tion does not apply to the second primary 
y-component, fission product decay y-rays, 
since they are given off a finite time after fission. 
Recent measurements? of fission product y-rays 
show that essentially all of the y-rays are given 
off within the first 200 sec, with 50 per cent 
being given off within the first 18 sec. During 
the first 200 sec the spectral shape does not 
change appreciably. 

To obtain a source term for the fission product 
decay y-rays, the measured spectrum was 
integrated over energy and time to 200 sec to 
obtain a total source strength of 3.37 photons 
per fission. These were divided among the same 


Because of a lack of 


the burst causes the density of the air surround- 
ing the weapon to undergo a sharp reduction 
during the time in which many of the fission 
product y-rays are given off. As a result, air 
attenuation to nearby positions is reduced and 


the dose from fission product y-rays increases. 


Table 1. U>*® fission y-spectra 


Source strength 
Energy interval photons per fission 


Prompt fission | Fission product 


2.7612 
2.3741 
1.1806 
0.2903 
0.0498 


1.3977 
1.1971 
0.5452 
0.1853 
0.0447 
3.3700 


Total 6.6560 
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This effect was not considered in the calculations. 
To establish a neutron source term, it was 
assumed that all the fission neutrons escaped the 
weapon except for those necessary to sustain the 
reaction. Assuming an average of 2.5 
neutrons per the term is 1.5 
neutrons per fission. ‘The neutron spectrum was 
represented by the analytic formula: 


chain 


fission, source 


N(E 0.453 exp (£/0.965) sinh y/ (2.29E° 


which is a fit to the thermal fission spectrum as 
given by CRANBERG et al.‘ 

The angular and energy distributions of the 
direct-beam and air-scattered primary y- and 
neutron fluxes at several separation distances 
were computed by a Monte Carlo procedure 
which is described in the next section. 

The air-capture y-rays were computed by 
dividing the air in all space about the burst into 
volume elements and determining the number 
of captures, S, in nitrogen-14 for each volume 
element from the equation 


S do N 


where ¢ is the thermal flux at the 
position of the volume element as determined 
from data in Rircur and Hurst, N is the 
number of N!4 atoms in the volume element, 
and o is the capture cross-section of N!4. The 
nitrogen-14 capture y-spectrum reported by 
BARTHOLOMEW and Campion"), consists of a 
number of discrete lines between 3 and 11 MeV. 
For convenience they were represented by an 
average energy of 5.5 MeV in calculating the 
direct beam attenuation from the volume 
element to the receiver. Air-scattering data for 
6-MeV y-rays from the Monte Carlo calcula- 
tions described in the next section were applied 


neutron 


to account for build-up of the air-capture y-rays 


in penetrating to the receiver positions. 


3. MONTE CARLO CALCULATIONS 
Angular distributions of the number flux and 
dose and of the energy spectra were obtained 
for both neutrons and y-rays from a recently 
Monte Carlo The 
procedure allows the use of either a monoener- 


developed procedure.) 
getic point isotropic source or one with a known 
energy distribution. The Monte Carlo method 
is used to generate particle histories from which 
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the collision density is obtained. The method 
of statistical estimation is used to determine, 
from the collision density, the particle flux and 
dose rate at five spherical boundaries concentric 
about the source. 

The Monte Carlo technique” used to obtain 
the data in this paper includes statistical 
estimation, importance sampling, and _ syste- 
matic sampling. The use of these techniques 
allows one to obtain results with an acceptable 
variance at large penetration distances. All 
particles were forced to undergo only scattering 
collisions, and the biasing so introduced was 
removed by the use of particle “‘weights”.‘® In 
the y-ray problems, all photons were forced to 
undergo Compton scattering collisions; in the 
neutron problems, when inelastic scattering was 
energetically possible, a choice was made at 
random to determine the mode of scattering. 
Neutron and photon histories were terminated 
when the energy of the particle was degraded 
to 0.1 MeV for y-rays and 0.2 MeV for neutrons. 

The scattering angles and scattered energies 
for Compton scattering of y-rays were chosen 
from the Klein—Nishina scattering formula by 
the use of a rejection technique developed by 
Kaun), The total cross-sections and the 
Compton scattering cross-sections for air as a 
function of energy were computed from the 
microscopic cross-sections for oxygen and nitro- 
gen as given by Davison and Evans"®), 

The neutron cross-sections for air were com- 
puted from the cross-sections for nitrogen and 
oxygen as given by Lustic et al.“.!2) The 
elastic scattering probabilities for nitrogen and 
oxygen were computed from the Legendre 
expansions given by Lustic et al.“!>'”) for neutron 
energies above 0.25 MeV. Below 0.25 MeV, the 
elastic scattering probabilities were taken as 
isotropic in the center-of-mass system. The 
scattering probabilities for inelastic scattering by 
both nitrogen and oxygen were taken as isotropic 
in the center-of-mass system. Deduction of the 
inelastic scattering cross-sections for excitation 
of the various energy levels in nitrogen and 
oxygen required use of the inelastic scattering 
cross-section measurements reported by HuGHEs 
and Scuwartz"), Conner“, and THOMPSON 
and Risser“), and the inelastic cross-sections 
given by Lustic et al.™1,!*) Neutrons were 
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allowed to lose energy at each collision, the 
amount of the loss depending on the collision 
nucleus, scattering angle and mode of scattering. 

The Monte Carlo results for the air-scattered 
fluxes were obtained for eighteen equal angular 
intervals and ten energy intervals between the 
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Since oxygen and nitrogen make up over 99 
per cent of the volume of air, only these two 
elements were considered in the air scattering 
calculations. It is assumed that 78 per cent of 
the atoms per cubic centimeter of air are 
nitrogen atoms and that the remaining 22 per 
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Fic. 2. y-Dose vs. slant range in air. 


maximum source energy and the minimum 
energy at which particle histories were termi- 
nated. The unscattered particle flux at the 
receiver was computed for each problem; for 
the neutron calculation, which used a con- 
tinuous source spectrum, the unscattered flux 
was stored in the computer as a function of the 
ten energy groups used in storing the scattered 
flux. 


cent are oxygen atoms. The number of atoms 
per cubic centimeter in air at sea level air 
density (0.1293 « 10-* g/cm*) was taken as 
5.37 = 10!%. All problems were run at sea-level 
air density. Since the air density at the site of the 
weapon tests differed from that used in the calcul- 
ations, the transformation given by ZERBy"!® was 
applied to the calculated values to obtain results 
for the correct air density. 
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y-Ray problems were run for monoenergetic 
point isotropic sources of 0.5, 1, 2, 4 and 6 MeV 
and penetration distances of 180, 650, 1000, 
1250 and 1500 yd. These energies represent the 
mid-points of the energy groups used for defining 
the y-spectra at the source. Neutron-scattering 
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the y-dose. If all three calculated components 
are added at face value the total is approxi- 
mately 70 per cent higher than the measured 
dose; whereas, if the prompt fission y-rays are 
omitted from the total, the result is approxi- 
mately equal to the measured dose. If it is 
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data for a point isotropic fission source was 
obtained for the same penetration distances. In 
all problems a source strength of unity was used. 


4. COMPARISON OF RESULTS 
To facilitate comparison, the calculated and 
measured data") were reduced to a common 
form, absolute dose or flux per kiloton. Fig. 2 
shows the comparison of the measured y-dose 


vs. distance with the calculated components of 


Calculated energy distribution of y-flux. 


assumed that the air-capture and fission product 
doses are reasonably correct and that the ground 
effect is unimportant, the data suggest that 
self-attenuation in the weapon reduces the 
prompt fission y-dose to negligible proportions. 
The excellent slope agreement of the measured 
and calculated data that the air- 
scattering parameters were correct. 

Although no measured y-ray energy spectra 
have been reported, spectral data are important 


indicates 
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for shield penetration calculations. The calcu- 
lated spectrum shown in Fig. 3 is for a distance 
of 1258 yd and is not significantly different from 
that calculated for other separation distances. 
Of particular interest is the prominence of the 
air-capture y-rays at energies greater than 3 or 4 


MeV. The air-capture y-rays, because of their 


102 


calculation indicated they were unimportant 
compared to the other y-rays. 

The agreement between the measured and 
calculated angular distributions of the y-dose 
(Fig. 4) is best for angles less than 60°. The 
discrepancy at higher angles (which is not 
particularly significant in terms of total dose) 
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Fic. 4. Angular distribution of y-dose. 


higher energy, are much more penetrating than 
the fission product and prompt fission y-rays. 
Since the nitrogen-14 capture y-spectrum? 
consists of a number of discrete lines, the photons 
were summed in | MeV energy intervals to 
form the continuum shown in Fig. 3. The air- 
scattered air-capture y-rays are not included 
in this spectrum because a rough preliminary 


could be caused by neglecting collimator wall 
scattering and capture y-rays from the collima- 
tor materials in the calculations. 

The slope of the calculated neutron dose, 
shown in Fig. 5, is also in good agreement with 
the measured data over most of the five decades 
of attenuation. However, at the extreme 
distance (1500-2000 yd) the calculated dose has 
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started to diverge from the measured dose. It is 
believed that the calculated dose is too low at 
these distances because it does not reflect the 
increased statistical importance of the more 
penetrating high-energy neutrons. These obser- 
vations also apply to the calculated neutron 
fluxes shown in the figure since they were used 
to compute the dose. 

The neutron spectrum is essentially constant 
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Rircure and Hurst™). The measured data 
shown represent an average of the data for 
collimators aimed above the horizon; for these 
collimators, the intensity did not vary with the 
angle of rotation by more than approximately 
25 per cent. It is suspected that ground effects 
and scattering from the walls of the collimators 
used in the measurements contribute to the 
discrepancy in magnitude between the measured 
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as indicated by the approximately parallel flux 
curves in Fig. 5. The calculated and measured 
neutron spectra at one particular range, 1258 
yd, are compared in Table 2. 

In Figs. 6 through 8, the measured and cal- 
culated angular distributions of the neutron flux 
The scatter in the measured 
points is caused partially by the collimators 
being placed at different angles of rotation about 
the source—receiver axis (see Figs. 6, 7 and 8 in 


are compared. 


Table 2. Neutron spectra at 1258 yd 
Neutron flux 
Energy group (neutrons/cm? per kiloton) 
(MeV) — _ 
Measured Calculated 


1.0 1019 
4.6 x 109 
2.8 109 
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and calculated data. ‘The discrepancy caused by 
wall scattering should increase with collimator 
angle—as is the case. 

The comparisons of the angular distributions 
of the fast-neutron dose at 1355 yd, shown in 
Fig. 9, indicate a similar discrepancy. If one 
integrates the measured dose distribution over 


ported by Rrrcure and Hurst have been closely 
reproduced by calculations which are based on 
first principles of radiation physics. The cal- 
culated spatial distribution of the y- and 
neutron doses and neutron fluxes are generally 
well within 70 per cent of the corresponding 
measured data. Similar agreement was obtained 
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Fic. 8. Angular distribution of neutron flux. 


a 4z solid angle the resultant dose is more than 
a factor of 2 greater than the total measured 
dose indicated in Fig. 5. However, because of 
the ground, it is doubtful that as much dose is 
actually received from the lower 27 as from 
the upper 27 solid angle. 


5. CONCLUSIONS 
The measured weapon radiation data re- 


for the neutron energy distribution. The 
angular distribution data for neutrons agree 
rather well in shape but differ by more than a 
factor of two in magnitude in some cases. This 
discrepancy is believed to be caused, at least 
partially, by scattering from the walls of the 
collimators used for the measurements. 

The assumptions employed in the present 
calculations are such that the agreement 
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observed above is probably fortuitous to some 
extent. The calculations have demonstrated, 
however, that the spatial, energy and angular 
distributions of the initial radiation from nuclear 
weapons are calculable. 

It should be noted that many of the more perti- 
nent assumptions could be avoided by applying 
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data on nuclear weapon compositions and 
configurations. 

Ground and hydrodynamic effects could be 
calculated by existing, or extensions of existing, 
Monte Carlo procedures. Such procedures for 
calculating the scattering of neutrons and y-rays 
in a two-medium geometry such as air and 
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state-of-the-art shielding procedures. In _par- 
ticular, self-attenuation in the nuclear weapon 
should be calculable to within 25 per cent with 
the reactor shield penetration methods described 
by Frencu and Eccen™’:!®), Secondary y-rays 
from thermal-neutron capture in the weapon 
could also be estimated. Calculations of these 
effects were not attempted in the present 


analysis because of the security classification of 


” 


ground have been developed by Wetts"®:?°), 


but their application has been limited to rather 
small separation distances. 
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FAST-NEUTRON SPECTRA AND DOSE-RATE 
CALCULATIONS* 
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(Received 26 May 1960) 


Abstract—tThis article descrives a method and its application for calculating fast-neutron 
spectra and dose rates about the Lid Tank Facility source plate, the Bulk Shielding Reactor 
and the Aircraft Shield Test Reactor. The method may be applied to any reactor whose shield 
is composed largely of hydrogenous materials. Dose rates and spectra calculated by the method 
are useful in shield design and in the analysis of experiments performed in reactor radiation 
fields. 

The method is based upon fast-neutron differential energy spectra and dose rates calculated 
by the Nuclear Development Corporation of America for a point isotropic fission source in 
infinite media. These data represent a moments method solution of the Boltzmann transport 
equation for water and hydrocarbons. By representing a reactor core as an array of point 
isotropic sources and assuming that any material along the line-of-sight between a point source 
and a point detector may be represented by an equivalent thickness of water or hydrocarbon, 
the fast-neutron attenuation through any material may be determined by use of the results for 
these reference materials. ‘The equivalent thickness of non-hydrogenous material is determined 
from the ratio of the effective removal cross-sections. 

Results from dose-rate calculations by this method agree with measured BSR and LTSF pure 
water centerline data within 10 per cent. Calculated and measured spectra for the BSR and the 
ASTR compare favorably, although the ASTR calculation involves penetration of considerable 
amounts of non-hydrogenous materials. 


INTRODUCTION 


Reactor shields are usually characterized by 
the presence of relatively large thicknesses of 
hydrogenous materials, which serve to control 
the leakage of fast neutrons. Although the 
reactor core, the moderator, the reflector and 
the y-shielding contribute to the total fast- 
neutron attenuation, the total fast-neutron at- 
tenuation depends primarily upon the amount 
and type of hydrogenous shield material. This 
dependence has facilitated the development of 
a convenient and accurate means of calculating 
the fast-neutron leakage from reactors which 
are composed largely of hydrogenous materials. 

The method of calculating the leakage is 
based upon fast-neutron differential energy 
spectra and dose rates calculated by the Nuclear 


* Paper presented at the Annual Meeting of the Health 
Physics Society, 18-20 June 1959, Gatlinburg, Tennessee. 


Development Corporation of America (NDA) 
for a point isotropic fission source in infinite 
hydrogenous media. These data form the basic 
attenuation kernels required by the method. 
Non-hydrogenous materials are handled by a 
“substitution”? concept based upon use of con- 
ventional removal cross-sections. Besides giving 
details of the method, comparisons of measured 
and calculated fast-neutron spectra and dose 
rates are presented for the Lid Tank Facility 
Source Plate, the Bulk Shielding Reactor and 
the Aircraft Shield Test Reactor. 


DIFFERENTIAL ENERGY SPECTRA AND 
DOSE RATES 
The fast-neutron dose rates and fluxes upon 
which the method is based were obtained by 
NDA through a moments method solution of 
the Boltzmann transport equation. <A _ point 
isotropic fission source in water and in various 
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hydrocarbons was assumed.) 
these calculations are summarized by Krum- 
BEIN™), Fast-neutron dose rates [4ar?D(r) in 
units of mrep-cm?/hr per source neutron] and 
fluxes [4ar2.N,(r,£) in units of neutrons-cm*/sec- 
MeV per source neutron] at selected energy 
levels are given for penetration depths of up to 
120 g/cm?. 

For use in machine calculations, the following 
fourth-order exponential function of the pene- 
tration distance r was fitted to the data: 


flr exp (dy + ayr + aor? + agr® + agr*) (1) 


where /(7 fast neutron dose rate in (mrep- 


cm* hr per source neutron) 


source to detector separation dis- 
tance (cm 


«pM 
KRUMBEIN') 


Numerical values of the curve fit coefficients for 
transformer oil (~CH,,) and water are given 


in Table 1. 


EQUIVALENT THICKNESS CONCEPT 
Equation (1) may be applied directly in 
situations in which the radiation penetrates only 
water, hydrocarbons or other hydrogenous 
media. In most applications attenuation in the 
reactor core, as well as attenuation through 
y-shielding or other non-hydrogenous materials, 
must be considered. 

The effect of adding non-hydrogenous mate- 
rials to hydrogenous media has been measured 
at the Lid Tank Facility at Oak Ridge.” It 
was found that the difference in attenuation 
caused by this new material could be expressed 
as a linear exponential function of the form 
exp Spx), in which x is the penetration 
distance and >}, is a quantity defined as the 
effective removal cross-section for that material. 
If it is assumed that any material along the 
line-of-sight between a point source and a point 
detector may be represented by an appropriate 
thickness of hydrogenous material as determined 
from its removal cross-section, then equation (1) 
can be applied. In applying the equation, it is 
assumed that only those materials on the source— 
detector line-of-sight will affect the results. 


SPECTRA AND DOSE-RATE 


The results of 


curve fit coefficients for data of 


CALCULATIONS 


The equivalent thickness of any material 
along the source—detector line is determined by 


(2) 


equivalent thickness of reference 
material; 


where r,, = 


r; actual thickness of 7th material 


dR macroscopic removal cross-section 
i ~ ° 

of ith material 

macroscopic removal cross-section 

of reference material 


dry 


After the total equivalent thickness of the 
reference material has been determined for all 
materials between the source and the detector, 
the fast-neutron spectra or dose rate per source 
neutron may be computed with equation (1). 
The results must be divided by 47R? where R 
is the physical distance between the source and 
receiver. 

In applying the measured removal cross- 
sections to equivalent thickness calculations, 
the relaxation length of fast neutrons is assumed 
to vary only slightly over the regions of interest 
and to be independent of energy. Because of the 
manner in which the cross-sections were deter- 
mined, these assumptions should be most valid 
for configurations in which a material is backed 
by at least two relaxation lengths of hydroge- 
nous material. 

The assumption, which is made in this treat- 
ment, that boundary effects are negligible is 
probably least valid at the outside surface of a 
shield because comparatively little back scatter- 
ing can occur from the air and surrounding 
media. Therefore, the use of data from an 
infinite hydrogenous medium should give dose 
rates which are too high. 

The error due to neglecting a shield—air inter- 
face has been investigated‘® both experimentally 
and theoretically for one particular case: a 
PoBe neutron source with a water-air interface. 
For penetration of 21.6 cm of water the measured 
dose rate at the water—air interface was about 
6 per cent lower than the measured dose rate 
at an equivalent distance in an essentially 
infinite water medium. Corresponding Monte 
Carlo calculations of neutron scattering in 
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water indicated that about 7 per cent of the 
total dose at this distance in an infinite water 
medium is due to back-scattered neutrons. 


TREATMENT OF DISTRIBUTED SOURCES 

To arrive at an accurate expression of the 
flux from a distributed fission source an integra- 
tion must be made over the source volume. In 


the integration, which must be made because of 


the source self-shielding, the distributed source 
is represented by an equivalent array of point 


isotropic fission sources. Each point source 


corresponds in strength and position to an 


elemental volume of the reactor core. Results 
are calculated separately for each point source 
and then summed over all points. For complex 
geometries, a machine program which utilizes 
a generalized geometry procedure is used to 
intercepted distances in materials 
between source and detector points. 

The minimum number of points required to 
represent a given source depends on the core 


compute 
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— Calculated 
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rate, 


Fast neutron dose 


is 0 
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Water thickness, cm 


Fic. 1. 


LTSF dose rates in water. 
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mrep/hr-W 


p$—_____+____ 4 4 1 


5 


Fast neutron dose rate, 
re) 


Oil thickness, cm 
Fic. 2. LTSF dose rates in oil. 
size, composition and the position for which 
results are to be calculated. For a source such 
as the ORNL Bulk Shielding Reactor, 132 
uniformly spaced points were found to suffice 
for all positions external to the core. The 
relative strength for each source point may be 
determined from either measured or calculated 
power distribution data. The absolute source 
strengths are adjusted to give the total fission 
rate which corresponds to the desired power 
level. 


COMPARISON OF MEASURED AND 
CALCULATED DOSE RATES 
Fig. 1 shows the fast-neutron dose rate as a 
function of water thickness for the Lid Tank 
Shielding Facility.* The measurements‘* were 


* The Lid Tank Shielding Facility source plate (SP-2) 
is a circular enriched U*** converter plate which covers a 
hole through the Oak Ridge National Laboratory Reactor 
Shield. The facility itself is a large H,O tank (11 ft 
7 ft 5 in. x 7 ft). 
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Measured |  — 
— Calculated ——+ 


mrep/hr-W 


Fast neutron dose rate, 


40 60 80 100 
Water thickness, cm 


Fic. 3. BSR dose rates in water. 


made in water along a line perpendicular to the 
center of a 21 per cent enriched uranium fission 
source plate. Water was used as the reference 
material in making the calculations. 

Fig. 2 shows the fast-neutron dose rate as a 


function of oil thickness for the Lid Tank 
Shielding Facility. The measurements‘®) were 
made in oil along a line perpendicular to the 
center of the source plate. A hydrocarbon 
having 1.7 hydrogen atoms per carbon atom 
was used as the reference material in the 
calculations. 

Fig. 3 shows the fast neutron dose rates in 
water along the center line of the Bulk Shielding 
Reactor.* The calculated values were obtained 
with water as the reference material.“ 

In each comparison, the predicted dose rates 


H,O moderated and reflected, swimming pool type, 
research reactor located at the Oak Ridge National 
Laboratory, Oak Ridge, Tennessee. 


are in good agreement with the measured data. 
For the dose rates in water, the measured dose 
rates are, on the average, within 10 per cent of 
those calculated; whereas, for oil, the average 
difference is approximately 25 per cent with a 
maximum difference of approximately 40 per 
cent. 


COMPARISON OF MEASURED AND 
CALCULATED SPECTRA 

Fig. 4 shows that the calculated spectrum 
compares favorably with the measured spec- 
trum‘®;® of the fast-neutron leakage from the 
Bulk Shielding Reactor, although the measure- 
ments were made with a collimated proton 
recoil counter, whereas the calculations were 
performed for a point 47 detector. A complete 
set of fast-neutron energy spectra, as well as 
y-ray spectra, for the BSR center line has been 
calculated by the method and reported in 
another publication.” 

Many applications of the technique described 
here for calculating dose rates and spectra have 
involved penetration of considerable amounts 


* Experimental dota 


—Calculoted dota 


neutrons/cm®-sec-MeV-W 


5 


neutron flux, 


Fast 


6 8 
Energy, MeV 
Fic. 4. Fast-neutron leakage spectrum of the 
bulk shielding reactor. 
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;. 5. Aircraft shield test reactor. 


Neutrons /cm?- sec-W-MeV 


Fic. 6. ASTR fast-neutron spectra. 
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of non-hydrogenous materials. An example of 
the application to a complicated configuration 
is the calculation of dose rates and spectra from 
the Aircraft Shield Test Reactor,* shown in 
Fig. 5. 

Fig. 6 shows measured and _ calculated 
fast-neutron spectra for two different shielding 
configurations of the Aircraft Shield Test 
Reactor. The measured spectra were obtained 
with nuclear emulsion plates. Good over-all 


agreement in magnitude and gross shape is 
noted, even though the spectrum changes 
considerably between the two configurations. 


CONCLUSIONS 

The differential energy spectra and dose-rate 
data from moments method solutions for point 
fission sources in infinite hydrogenous media 
have provided a useful and versatile method for 
calculating fast-neutron spectra and dose rates. 
Combined with the effective removal 
section concept for treating layers of non- 
hydrogenous materials, the method is one of the 
best presently available for practical applica- 
tions. 

For the cases illustrated, the calculated and 
measured dose rates and spectra generally agree 
within 25 per cent. Although the agreement 
between calculated and measured dose rates for 


cross- 


* The Aircraft Shield Test Reactor is an enriched 
U2, H,O moderated and reflected, portable research 
reactor with variable lead and water shielding, located at 
Convair, Fort Worth, Texas. 
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complex shields is not always as good as for the 
simple shields discussed here, the calculated 
dose rates rarely differ from the measurements 
by more than a factor of 2. 


REFERENCES 

. R. Aronson, J. Certrarne, H. Gowpsterm and 
S. Preiser, Penetration of Neutrons from a Point 
Isotropic Fission Source in Water. Nuclear Develop- 
ment Corporation Report NYO-6267 (1954). 

. J. Cerrarne, H. Goupsrein, M. Katos and P. S. 
MITTELMAN, Penetration of Neutrons from a Point 
Fission Source Through Carbon and Hydrocarbons. 
Nuclear Development Corporation Report NDA 
12-18 (1956). 

3. A. D. KrumsBein, Summary of NDA Unclassified 
Results of Moments Method Calculations for the Penetra- 
tion of Neutrons Through Various Materials. Nuclear 
Development Corporation Report NDA 92-2 
(1957). 

. G. T. CHAPMAN and C. L. Storrs, Effective Neutron 
Removal Cross Sections for Shielding. Oak Ridge 
National Laboratory Report AECD-3978 (1955). 

5. E. P. Buizarp, Nuclear radiation shielding. Nuclear 
Engineering Handbook (Ed. by H. ETHerincton) 
Sec. 7-3. McGraw-Hill, New York (1958). 

»» R. L. Koster, Analysis of the Moments Method 
Experiment. Convair—Fort Worth Report FZK-9- 
138 (1959). 

. R. L. Frencu and J. B. Eccrn, Nucleonics 18, 117 
(1960). 

. Applied Nuclear Physics Division, Annual Report for 
Period Ending 10 September 1956. Oak Ridge 
National Laboratory Report 2081 (1956). 

. H. Goxrpsrein, The Attenuation of Gamma Rays and 
Neutrons in Reactor Shields. U.S. Government Print- 
ing Office, Washington, D.C. (1957). 


Health Physics Pergamon Press 1961. Vol. 5, pp. 126-141. Printed in Northern Ireland 


TRANSMISSION OF SCATTERED 7-RAYS THROUGH 
CONCRETE AND IRON SLABS* 


D. J. RASO 
Technical Operations Incorporated, Burlington, Massachusetts 


(Received 27 June 1960) 


Abstract—The penetration of y-rays undergoing one or more scatterings in concrete and iron 
of various slab thicknesses (3.75-60.0 g/cm?) has been investigated by the Monte Carlo 
technique. Radiation with energy of 350, 660 and 1250 keV and also the y-ray spectra pro- 
duced by the products (omitting volatile materials) of U?** fission at 1.12 and 23.8 hr after 
- 0, 0.25, 0.50,0.75and 
1.0. ‘The case histories of 5000 photons were followed on the IBM 704 digital computer. The 


fission”) were assumed to be incident on the medium at angles of cos 0, 


information obtained included: 
1) Number and energy transmitted. 


The energy distribution of the transmitted radiation integrated over all directions. 
The angular distribution integrated over all energies. 


The angular distribution of the transmitted energy. 


determining flux density. 


performed at USNRDL. 


INTRODUCTION 
THE of X-rays and 
ordinarily represented by an attenuation coef- 
ficient, which depends on the material and 
energy appearing in the exponential relation: 
N/N, = «™ 


or number of photons transmitted, 


attenuation y-rays 1s 


where N represents the intensity 
Ny the 
intensity or number incident on the absorber, 
u the total attenuation coefficient (probability 
of an interaction per unit thickness), and x the 
thickness of the absorber. This expression is 
valid only for relatively thin absorbers, and is 


derived on the assumption that the geometry of 


the arrangement of radiating source, absorber 
and detector is ‘‘good’’. 

The essential feature of a “good”? geometry 
experiment is that no scattered radiation can 
the detector. A _ well-defined incident 
beam and a detector sensitive to radiation from 


a single direction must be used. For any given 


reach 


* This work was supported by the National Bureau of 


Standards and U.S. Naval Radiological Defense Labora- 
tory. 


’ 


5) The angular distribution of the transmitted ‘‘dose’’. 
‘These computed quantities refer to transmitted current and an approximation is given for 


Comparisons are made with other theories and an experiment 


aperture of the defining slits there exists a 
maximum thickness of the absorber (for a given 
energy of the photon) beyond which the likeli- 
hood of detecting scattered photons cannot be 
ignored.) In ‘‘poor” geometries, the aperture 
of the slits is increased, or the absorber thickness 
is increased, or a combination of both; some of 
the photons that are scattered find their way to 
the detector. ‘Therefore, one finds a lower 
apparent attenuation coefficient than would be 
detected in “good” geometry. 

On the other hand, “‘poor”’ geometries are of 
extreme importance because of the role they 
have in actual shielding problems. The use of 
walls for shielding personnel from radioactive 
contamination on the ground due to fallout is a 
prime example of “‘poor”? geometry. For these 
geometries the above relationship is no longer 
valid and must be corrected to include the 
effect of scattered photons which have not only 
been deflected from their initial directions but 
have also been degraded in energy. 

Three methods are most widely used in 
investigating the penetration and diffusion of 
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scattered y-rays in matter: (1) moment method; 
(2) successive scatterings; and (3) Monte Carlo 
method. A full description of these methods is 
not necessary since they are well developed 
elsewhere. The first method” has geometry 
limitations and cannot be used to solve the 
transport equation except in an infinite homo- 
geneous medium. The second method") which 
takes into account finite boundary conditions, 
was utilized by Peesies. The calculation per- 
formed considers only three orders of scatter- 
ings, and does not take into account back- 
scattered photons, important at low photon 
energies and thick slabs. The most effective 
means of handling y-ray penetration problems 
in relatively thin slabs is the Monte Carlo 
method. 

A number of reports are available which 
investigate the transmission of y-rays in finite 
slabs by the Monte Carlo method.'*-® The 
present report is expanded considerably to 
include: (1) more initial energies and mixed 
spectra; (2) five angles of incidence; and 
(3) information about the angular and energy 
distribution of the transmitted radiation in 
terms of both current and flux. A large quantity 
of data has been produced by this calculation, 
making it necessary to present results here in 
the form of illustrations. The detailed results 
of energy spectra and angular distributions of the 
transmitted radiation are presented in fifty-one 
tables of a separate report" which may be 
obtained upon request. 


INFORMATION OBTAINED BY 
THE PROBLEM 

The transmission of scattered photons through 
a medium contained between two _ infinite 
parallel planes a finite distance apart is investi- 
gated by the Monte Carlo method. In Fig. 1, 
a trajectory of a photon which is incident on the 
medium with energy EF, and obliquity 6, is 
shown. The probability that a photon will be 
transmitted through the medium after under- 
going one or more scatterings with an energy 
between EF and E£ + dE and an emergent angle 
between 9 and 6 + d@ is 27T(E, 0; Ey, 9) 
sin 9d0dE. The factor T(E, 6; Ep , 09) is the 
differential transmission (probability per unit 
solid angle per unit energy transmitted). The 


Site of first 


collision va 


/ 
+ Site of second 
collision 


— 


a i 


Z:0 z=B 

Fic. 1. Typical trajectory of a photon under- 

going scatterings in a medium. Definition of 
obliquity angles. 


quantities determined in this report are in the 
form of both partial integrals and total integrals 
over T(E, 6; E,, 99), as follows: 
Transmitted scattered energy spectrum of 
number 
(Eo, 99; AE) 
i+1 


+ 
| 20 
i 


. 


20 


Eo 


dE | 2nT(E,9; Ey 9) sin 046 (1) 
20 


where 7 
Transmitted scattered angular distribution of 

number 

P m( Eo, 99; A6) 
mm -+-1) 


36 [ 
| 277 sin 9 dé 
7mm 


/Emin 


"Eo 
T(E, 6; Ey, 99) dE (2) 
36 
where m eB ’ 17 and Emin 
cut-off energy. 
Transmitted scattered angular distribution of 
energy 
a te P ) 
é m( Lo, 94; A6) 
a(m +1) 
36 , 
27 sin 6 dO 
7m 


, 
“— ~ Emin 
36 


"Ey ~ 
— T(E, 6; 
Ey 
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Transmitted scattered angular distribution of 
*““dose”’ 


0 m( Ls 9, > 


a(m +1) 
. 


Ad) 


36 


2a sin 6 do 


CE, 
Eu,(E) T(E, 0; Ey, 09) dE 
(4) 


JEmin 


where y,(£) is the energy absorption coefficient 
for air. 
Scattered number transmitted 


Pm Eo, 99; A@) 


Scattered energy transmitted 


m=17 


Tr — Ym Ew 99; Ad) (6) 
m 0 


Equations (1-6) apply to monoenergetic 
sources of energy £, but can be used as well for 
mixed spectra. A mixed spectrum is treated asa 
number of different monoenergetic sources each 
having its own spectral density at a given time. 
The spectral densities at a given time after 
fission (1.12 hr and 23.8 hr for the present 
report) were taken from Table 4 of reference 1. 
‘The upper limit in equations (2), (3) and (4) is 
replaced by the maximum energy of the source 


spectrum. Equation (3) is normalized by divid- 


ing by the mean y-ray source energy, &,E,K 
(t,, £,)/total number of histories, where K(t,, E,) 
is the spectral density at time ¢; with energy £). 


Except for equation (4), the above quantities 


refer to transmitted scattered current, i.e. flow 
per unit area and unit time across the exit face 
The method used to convert to 
unit time 


of the slab. 


transmitted fluxes, i.e. flow 


through a unit area perpendicular to the direc- 


per 


tion of the transmitted scattered photons, is 

given in reference 10, as well as a method for 

obtaining the physical dose from equation (4). 
METHOD OF CALCULATIONS 

A beam of y-rays is incident at various angles 

on an absorbing medium (concrete and iron) 

contained between two infinite parallel planes 
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a finite distance apart. The trajectory of each 
photon (Fig. 1) is determined, by random 
sampling, from the known probability for a 
given event—collision, absorption, energy de- 
gradation, scattering through an angle, etc. 
(Pair production was not introduced, because 
the absorption coefficient for pair production 
in the energy ranges considered is negligible.) 
The random choice for an event which depends 
on the previous interaction is determined 
according to the physical laws governing 
scatterings. 

Each collision in the medium is considered 
to be a Compton interaction; photoelectric 
absorption is taken into account by the intro- 
duction ofa statistical weight factor (analytically 
calculated). ‘The photon history is terminated 
when: (1) the photon passes through the 
medium without making a collision (unscattered 
passage); (2) the photon energy in the medium 
after multiple scattering is below a _ cut-off 
energy, 25 keV for concrete and 50 keV for 
iron (the cut-off energy is chosen low enough 
that photoelectric absorption reduces the photon 
flux to an insignificant amount below the 
cut-off);"" (3) the photon after multiple 
collisions is back-scattered out of the medium, 
Z <0, contributing to albedo; or (4) the 
photon passes through the boundary (Z > B) 
after undergoing multiple scattering in the 
medium (Fig. 1). The important parameters 
of the transmitted scattered photons are 
summed up in order to estimate the transmission 
of scattered photons. 

The computer time to sample 5000 photon 
histories for the five cases (one source energy, 
five angles of incidence) varied, depending 
upon the slab thickness (approximately 10 min 
for slabs of 3.75 g/cm*® and 50 min for slabs 
of 60 g/cm?). 


RESULTS 
Scattered number and energy transmitted 


The scattered number 7, and scattered 
energy 7’, transmitted [as defined by equations 
(5) and (6), respectively, and the corresponding 
equations for mixed spectra] for the materials, 
concrete and iron, different source energies, 
angles of incidence and slab thicknesses are 
given in Tables 1-10. The results are normalized 
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Table 1. Transmission after scatterings by concrete (effective Z = 13.4, composition by weight as given in Ref. 17) 
Based on 5000 photon histories per source energy of 0.35 MeV, cut-off energy = 0.025 MeV. 
Scattered number transmitted, 7, 

B (g/cm? 
Cos 6, 
— 15 30 60 


0.3230 | 0.2320 0.1250 0.0297 0.0010 
0.3810 0.3780 0.2320 0.0572 0.0029 
0.2880 0.3640 0.2960 0.0949 0.0058 
0.2280 0.3260 0.3210 0.1430 0.0149 
0.1870 0.2890 0.3110 0.1810 0.0279 


Scattered energy transmitted, T, 
B (g/cm?) 


3.75 iS 15 30 60 


0.0617 0.0126 0.0004 


0.1960 0.1250 


0.2480 0.2210 0.1190 0.0254 0.0011 
0.1990 0.2290 0.1660 0.0471 0.0028 
0.1640 0.2170 0.1980 0.0786 0.0073 
0.1410 0.2020 0.2040 0.1080 0.0162 


Table 2. Transmission after scatterings by concrete (effective Z = 13.4, composition by weight as given in Ref. 17) 
Based on 5000 photon histories per source energy of 0.66 MeV, cut-off energy = 0.025 MeV. 


Scattered number transmitted, 7), 
B (g/cm? 


3.75 PB 15 30 60 


0.3430 0.2600 0.1660 0.0535 0.0026 
0.3570 0.4010 0.2960 0.1090 0.0100 
0.2520 0.3660 0.3630 0.1710 0.0221 
0.2030 0.3180 0.3680 0.2270 0.0376 
0.1690 0.2770 0.3440 0.2710 0.0643 


Scattered energy transmitted, 7, 


B (g/cm?) 
Cos 6, 
3.73 7.5 15 30 60 


0.1750 0.1150 0.0631 0.0170 0.0006 
0.2050 0.1990 0.1260 0.0391 0.0034 
0.1590 0.2040 0.1780 0.0728 0.0086 
0.1340 0.1900 0.2030 0.1130 0.0161 
0.1150 0.1730 0.2030 0.1490 0.0325 
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Table 3. Transmission after scatterings by concrete (effective Z = 13.4, composition by weight as given in Ref. 17) 
Based on 5000 photon histories per source energy of 1.25 MeV, cut-off energy = 0.025 MeV. 
Scattered number transmitted, 7), 


B (g/cm?) 


15 


0.3480 0.3010 0.1810 0.0732 0.0065 
0.3200 0.4260 0.3620 0.1550 0.0178 
0.2160 0.3370 0.3930 0.2380 0.0503 
0.1600 0.2850 0.3810 0.2950 0.0850 
0.1240 0.2460 0.3420 0.3190 


Scattered energy transmitted, T, 


B (g/cm? 


Cos 6, : 
te 15 : 60 


0 0.1460 0.1080 0.0534 0.0177 0.0011 
0.25 0.1570 0.1870 0.1280 0.0450 0.0039 
0.50 | 0.1150 0.1690 0.1700 0.0895 0.0159 
0.75 | 0.0891 0.1510 0.1880 0.1300 | 0.0341 
1.0 0.0716 0.1370 0.1820 0.1570 0.0604 


Table 4. Transmission after scatterings by concrete (effective Z = 13.4, composition by weight as given in Ref. 17) 
Based on 5000 photon histories per source energy of the y-ray spectrum produced by the products 
of U*** fission at 1.12 hr after fission, cut-off energy = 0.025 MeV. 


Scattered number transmitted, 7), 
B (g/cm? 


i 15 30 60 
0.3200 0.2460 0.1400 0.0472 0.0054 
0.3050 0.3650 0.2690 0.1080 0.0145 
0.2220 0.3150 0.3130 0.1690 0.0313 
0.1700 0.2740 0.3120 0.2130 0.0609 
0.1440 0.2420 0.2950 0.2390 0.0937 


Scattered energy transmitted, 9 
B (g/cm?) 
Cos 4, 
7.5 15 30 60 
0.1520 0.1000 0.0505 0.0145 0.0018 
0.1580 0.1770 0.1200 0.0460 0.0049 
0.1170 0.1640 0.1630 0.0905 0.0157 
0.0925 0.1520 0.1680 0.1270 0.0386 
0.0809 0.1360 0.1690 0.1430 0.0667 
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Table 5. Transmission after scatterings by concrete (effective Z = 13.4, composition by weight as given in Ref. 17) 
Based on 5000 photon histories per source energy of the y-ray spectrum produced by the products 
of U5 fission at 23.8 hr after fission, cut-off energy = 0.025 MeV. 


Scattered number transmitted, T,, 


0.2990 0.2230 0.1310 0.0402 0.0042 
0.3120 0.3450 0.2500 0.0834 0.0098 
0.2260 0.3040 0.2970 0.1450 0.0205 
0.1750 0.2730 0.3010 0.1900 0.0364 
0.1450 0.2360 0.2860 0.2260 0.0569 


B (g/cm?) 


15 : 60 


0.1660 0.1140 0.0555 0.0152 0.0015 
0.1870 0.1970 0.1240 0.0365 0.0042 
0.1450 0.1870 0.1680 0.0765 0.0108 
0.1150 0.1800 0.1850 0.1110 0.0246 
0.0991 0.1640 0.1880 0.1440 0.0417 


Table 6. Transmission after scatterings by iron (Z = 26) 
Based on 5000 photon histories per source energy of 0.35 MeV, cut-off energy = 0.050 MeV. 


Scattered number transmitted, 7), 


B (g/cm?) 


60 


0.2560 0.1650 0.0661 0.0104 0.0003 

0.3140 | 0.2770 0.1290 0.0225 0.0012 
0.2460 0.2820 0.1840 0.0491 0.0023 
0.2040 0.2520 0.2150 0.0828 0.0058 
0.1170 0.2350 0.2400 0.1190 0.0141 


Scattered energy transmitted, 


B (g/cm? 


30 60 


0.1650 0.1030 0.0409 0.0062 0.0001 
0.2200 0.1840 0.0844 0.0141 0.0007 
0.1790 0.2000 0.1280 0.0335 0.0016 

0.1860 0.1580 0.0597 0.0041 
0.1800 0.1850 0.0908 0.0102 
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Table 7. Transmission after scatterings by iron (Z = 26 
Based on 5000 photon histories per source energy of 0.66 MeV, 
cut-off energy = 0.050 MeV. 
Scattered number transmitted, 7, 


B (g/cm?) 
Cos 6, 
3.75 7.3 15 30 60 
0.3130 0.2190 0.1170 0.0338 0.0028 
0.3300 0.3430 0.2330 0.0711 0.0066 
0.2370 0.3080 0.2950 0.1260 0.0163 
0.1820 0.2710 0.3000 0.1820 0.0307 
0.1530 0.2380 0.2910 0.2210 0.0522 


Scattered energy transmitted, T, 
B (g/cm? 
Cos 4, 
0 15 30 60 
0.1660 0.1080 0.0544 0.0154 0.0011 
0.1930 0.1920 0.1220 0.0359 0.0032 
0.1510 0.1890 0.1720 0.0698 0.0089 
0.1240 0.1770 0.1890 0.1120 0.0177 
0.1060 0.1600 0.1930 0.1460 0.0319 


Table 8. Transmission after scatterings by iron (Z = 26) 
Based on 5000 photon histories per source energy of 1.25 MeV, 
cut-off energy 0.050 MeV. 

Scattered number transmitted, T,, 


B (g/cm? 


15 18.77 30 60 
0.3430 0.2640 0.1480 0.1110 0.0505 0.0045 
0.3020 0.3640 0.2860 0.2390 0.1180 0.0152 
0.2050 0.3020 0.3270 0.3110 0.1980 0.0410 
0.1580 0.2440 0.3100 0.3180 0.2490 0.0830 
0.1310 0.2120 0.2850 0.3050 0.2710 0.1250 


Scattered energy transmitted, 7, 
B (g/cm? 


15 18.77 30 60 


0.1490 0.1040 0.0539 0.0375 0.0156 0.0014 
0.1560 0.1740 0.1240 0.0948 0.0454 0.0052 
0.1150 0.1600 0.1650 0.1520 0.0926 0.0163 
0.0926 0.1400 0.1740 0.1710 0.1330 0.0403 
0.0786 0.1250 0.1700 0.1740 0.1560 0.0675 
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Table 9. Transmission after scatterings by iron (Z = 26) 
Based on 5000 photon histories per source energy of the y-spectrum produced by the 
products of U5 fission at 1.12 hr after fission, cut-off energy = 0.050 MeV. 


Scattered number transmitted, T,, 
B (g/cm?) 


ta 15 30 60 


0.2810 0.1990 0.1030 0.0349 0.0047 
0.2630 0.2830 0.2120 0.0824 0.0103 
0.1890 0.2580 0.2520 0.1320 0.0270 
0.1450 0.2230 0.2460 0.1690 0.0498 
0.1220 0.2020 0.2300 0.1920 0.0809 


Scattered energy transmitted, 


3.75 


0.1480 

0.1460 0.1620 0.1200 

0.1060 0.1520 0.1610 

0.0863 0.1370 0.1620 : .041¢ 
0.1250 0.1520 0.1400 0.0691 


0.0716 


Table 10. Transmission after scatterings by iron (Z = 26) 
Based on 5000 photon histories per source energy of the y-spectrum produced by the products 
of U5 fission at 23.8 hr after fission, cut-off energy = 0.050 MeV. 
Scattered number transmitted, 7, 


B (g/cm?) 


15 30 
0.2590 : 0.0970 0.0258 
0.2600 , 0.1870 0.0572 
0.1930 0.2310 0.1010 
0.1500 0.2120 0.2340 0.1430 . 
0.1240 0.1900 0.2310 0.1690 0.0598 


Scattered energy transmitted, 7, 


3.75 7.5 : 30 60 


0.1550 0.1050 O54: 0.0135 0.0009 
0.1710 0.1800 ARS 0.0351 0.0042 
0.1320 0.1690 0.0693 0.0127 
0.1070 0.1580 0.1780 0.1100 0.0278 
0.0916 0.1420 0.1820 0.1370 0.0503 
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to one incident photon per source energy. 
From the data in the tables it is evident that a 
poor approximation may result if one calculates 
the transmission of scattered photons merely by 
using normal incidence data. This is especially 
It is also 

- 1.0, on 
thin slabs the transmission of scattered photons 


true for large angles of incidence. 

noted that for normal incidence, cos 4, 
is low. As cos 6, decreases the photons will 
undergo more interactions because of the greater 
the probability of back- 
increasing with 6 


apparent thickness; 
causes the trans- 
[In the 
limiting case of grazing incidence (cos 0, = 0) 
the probability of back-scattering at the first 
collision is approximately 0.5 for the incident 
For larger slabs the 


scattering, 0 


mission to go through a maximum. 


energies considered. | 


transmission decreases with decreasing cos 6p. 


Illustrative results 


Total energy transmitted. In Figs. 2 and 3 the 
total energy transmitted for concrete and iron 
are plotted respectively for 


various source 


Attenuation of y-rays for various source energies incident normally on concrete slabs. 


energy at normal obliquity. The most interest- 
ing feature in these figures is the close similarity 
of the total transmission for a 1.25 MeV source 
and y-ray spectrum produced by the products 
of U* fission at 1.12 hr after fission. (This does 
not necessarily mean that the differential trans- 
missions for these sources are comparable.) 
The total energy transmitted for the y-ray 
spectrum at 23.8 hr after fission is closer to that 
for a 0.66 MeV source than for a 1.25 MeV 
source. 

Energy spectrum. In Figs. 4 and 5 are plotted 
illustrative examples of the energy spectra for 
various source obliquities, energies and barrier 
thicknesses for concrete and iron, respectively. 
It is noted from these figures that in all cases 
the high energy regions of the spectra are 
similar for iron and concrete; whereas at lower 
energies large peaks due to multiple scatterings 
are observed for concrete. The reason for this 
effect is that in the low energy region photo- 
electric absorption is not predominant in the 
low-Z materials. Single-scattered peaks are 
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observed for monoenergetic sources in the region 
where the energy is nearly equal to the incident 
energy. These single scattered peaks are 
especially noticeable for the cases where the 
source obliquity is normal or close to it. The 
energy spectra for the gamma rays produced by 
the products of U* fission at 1.12 and 23.8 hr 
after fission, are considerably different from 
those of monoenergetic sources. 

Angular distribution of the transmitted energy. The 
angular distribution of the transmitted energy 
for sources of 1.25 MeV and 1.12 hr after 
fission normally incident on concrete and iron 
of 30 g/cm? thickness is shown in Fig. 6. It is 
seen that most of the energy is transmitted at 
small emergent angles which could be attributed 
to one of the following factors: (1) the change 
in energy is low for small angles of scatterings; 
and (2) the greater the angle of scattering the 
greater thickness the photon traverses, thereby 
increasing the probability of another interaction 
before it emerges. 

Comparison with the successive scatterings method. 
The number and energy build-up factors (defined 
as the total transmission divided by the unscat- 
tered transmission) for the case of 1.25 MeV 
source incident normally on iron are plotted in 
Fig. 7. The points are the values obtained by 


(g/cm ) 


Number and energy build-up factors for a source of 1.25 MeV normally incident on 
Points represent the values obtained by PEEBLEs. 


Peesies®), The two methods give similar 
results (within the combined estimates of error) 
for relatively thin slabs. As the slab thickness 
increases, the results diverge, probably because 
of the few orders of scatterings used by the 
successive scattering method. 

Comparison with the moment method. In Fig. 8 
the dose build-up factors for 1.25 and 0.66 MeV 
normally incident on iron are plotted. The 
method for determining physical dose is given 
in Ref. 10. The points in the figure are interpo- 
lated from values obtained by GoLpDsTEIn and 
Wirkins™), These results are higher than the 
Monte Carlo method because a photon can 
pass the boundary more than once in an infinite 
medium. 

SPENCER") has determined, with the use of 
the moment method, the amount of protection 
one receives in various structures from fallout 
(1.12 hr after fission) and various isotropic 
monoenergetic sources (1.25 and 0.66 MeV) on 
the ground and on the roof. His results are 
given in terms of reduction factors which are 
defined as the ratio of the detector response 
(from the sources on the ground and/or the 
sources on the roof) in a protected position to 
the detector response 3 ft above an infinite 
plane contaminated with the same _ source 
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density. By way of comparison, the roof 
reduction factors for a Co® plane isotropic 
source and barrier thicknesses of 3.75 and 
30 g/cm? of concrete are shown in Fig. 9. The 
abscissa is in units of solid angle fraction, 
-cos§. As is seen for the thinner 


the moment method gives slightly 
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y-ray energy spectra, the authors have provided 
values for the transmitted scattered angular 
distribution of number“ from their trans- 
formation of the results given in Ref. 13 
into y-ray energy spectra.“ Since the 
effective Z of concrete is 13.4, the experimental 
results for aluminum (Z = 13) were compared 
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Fic. 10. Comparison of angular distribution of number for radiation (0.66 and 1.25 MeV 
normally incident on various slabs of concrete. 


higher results than the Monte Carlo method. 
For the thicker barrier, the two methods are in 
agreement. 

Comparisons with experiment performed at NRDL. 
ScorreLp et al.“®) determined experimentally 
the transmitted angular and energy distributions 
of scattered y-rays for plane sources, Co®® and 
Cs!87, incident on various slabs of aluminum 
and iron. The measurements were taken at 
detection angles of 5°, 10°, 20°, 30°, 45°, 60°, 
with respect to the normal. Although Ref. 13 
provides pulse height distributions rather than 


to the Monte Carlo results for concrete. The 
Co®, emitting photons of 1.17 and 1.33 MeV, 
data were compared with 1.25 MeV source used 
in the Monte Carlo calculations and the Cs!8? 
to that of 0.66 MeV source. The results for 
the transmitted scattered angular distribution of 
number due to normally incident y-rays on 
concrete and iron of various slabs, and energies 
for the two methods, are given in Figs. 10 and 
ll. As is seen, except for the case of Co®® 
incident on iron at a thickness of 1.00 m.f.p. the 
slab thicknesses are not exactly the same for 
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the various cases. Agreement of the results, 
which are within the statistical accuracy of the 
two methods, is satisfactory. The experimental 
data follow the general trend of the histogram 
showing peaks around 30° for the various cases. 
Also, it can be noted here that the angular 
distributions depend very little on the thickness 
(from | to 4 m.f.p.), incident energy (0.66 to 
1.25 MeV), and material (concrete and iron). 
This was also observed in an experiment 
performed by Kazanski et al.“® with various 
isotropic point sources. 
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Abstract—A microdensitometric technique of measuring localized concentrations of x-emitting 
radionuclides was used to determine the Pu?%9 in bone. 

Che data obtained by microdensitometric scanning of quantitative autoradiograms shows 
close agreement with data obtained by the previously used technique of the visual counting of 
x-tracks. ‘The accuracy of the microdensitometric technique was verified by a comparison of 
the Pu?’® content of a thoracic vertebral centrum determined microdensitometrically with the 
Pu?8* content of an adjacent centrum measured radiochemically. The amount of Pu?*® found 
microdensitometrically was 76 per cent of that determined radiochemically. 

‘The average Pu*8® concentration associated with haversian systems, periosteal surfaces, and 
endosteal surfaces of trabecular bone in a lumbar vertebra (from a beagle hound injected with 
2.85 uc of Pu®8®/kg 92 days prior to sacrifice) was, respectively, 0.30 x 10-5, 0.54 « 10-5 and 
1.6 « 10-5 wuc per p? of surface. 

The calculated average localized dose rate delivered to bone tissue and marrow cells on the 
endosteal surface deposit is 40 and 60 rads per day. ‘These rates are ten times the previously 
calculated average skeletal dose rate. 


INTRODUCTION trations (MPC) for these different radionuclides. 
(Pu239), This paper presents a microdensitometric 
,. technique for determining localized concentra- 
tions of «-emitting radionuclides in tissues. The 
accuracy of the microdensitometric technique is 
confirmed by comparison of results obtained by 
it with those obtained by visually counting «- 
tracks and with results obtained by radio- 
chemical methods. 

The Pu®® concentrations associated with 
three types of bone surfaces are measured and 
the localized dosage of radiation delivered by the 
endosteal surfaces of trabecular bone is calcu- 
lated. 


THe chronic effects of plutonium 
radium (Ra**6), 
thorium (Th**’) and strontium (Sr®°) on adult 
beagle hounds are being studied in this labora- 


mesothorium (Ra?*8), radio- 


tory. ‘The project includes the measurement of 
localized concentrations of these radionuclides 
in bone tissue and the calculation of localized 
dosages of radiation. We expect to be able to 
relate some of the changes in bone including 
bone tumors with the localized dose rate and the 
localized cumulative dose. Such measurements 
are important in understanding the differences 
in biological response, in the calculation of 


relative biological effectiveness (RBE) and in vmauonaees 


‘Pe : we All previous techniques used to measure localized 
establishing the maximum permissible concen- : Sse ao igs ' 

dosage of radiation utilize quantitative autoradio- 
graphy. The localized dosage delivered by /[- 


* This work was done under Supplement B to AEC emitters has been measured directly*~” while with 
Contract AT(11-1)-119. a-emitters, the localized radionuclide content has 
t Presented in part before the Radiation Research been measured by counting «-tracks and the localized 


Society, Pittsburgh (May 1959) Rad. Res. 11, 121. dose subsequently calculated.‘8~!?) 
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The determination of the radionuclide content of 
tissue by visually counting ~-tracks in autoradiograms 
is tedious and time consuming. For this reason, we 
decided to measure the degree of light absorption of 
autoradiograms by a photoelectric densitometer and 
correlate these data with the number of tracks present 
in these areas. 

The beagle hounds used in this study were injected 
when from 16 to 22 months old with 2.74—2.85 yc 
of Pu®89 per kg and sacrificed at time intervals varying 
from 2 weeks to 3 months after injection. The pluton- 
ium was administered as a single intravenous injection 
of plus 4 plutonium complexed with citrate; the 
details of the preparation of the injection solutions 
have been previously reported." 

A comparison of the microdensitometric and the 
visual counting techniques of measuring localized 
radionuclide concentration was made using quanti- 
tative autoradiograms produced by a lumbar vertebral 
centrum of a beagle hound injected with 2.85 ye of 
Pu?8® per kg 3 months before being sacrificed. ‘Three 
thoracic vertebral centra (ninth, eleventh and 
twelfth) from a dog injected with 2.74 uc of Pu?8® per 
kg 4 weeks prior to sacrifice were used to compare the 
radionuclide content of a vertebral centrum as deter- 
mined densitometrically and by routine radiochemical 
analysis.“%) One half of the centrum of the twelfth 
thoracic vertebra was used to produce quantitative 
autoradiograms for the microdensitometric measure- 
ments; the other half was serially sectioned and used 
to measure the amount of bone surface area in the 
centrum. The centra of the ninth and eleventh 
thoracic vertebrae were used for radiochemical 
analysis. The variation of the Pu®*® content between 
bones was determined by radiochemical analyses of 
thoracic vertebral centra taken from another dog 
sacrificed at 4 weeks and from two other dogs sacri- 
239 


ficed at 2 weeks after injection of Pu* 


A. Quantitative autoradiograms 

The bone specimens were embedded with Scotch 
Cast Resin no. 2 according to techniques previously 
described“ and a cross-sectional surface exposed and 
ground to smoothness with increasingly fine carborun- 
dum papers. Quantitative autoradiograms were 
produced by clamping the bone on Ilford C-2 nuclear 
track emulsion on flexible acetate backing.* ‘The 
range of the plutonium «-particle has been calculated 
to be 24.1 « in bone and 29.5 « in Scotch Cast Resin 
no. 2.45) Thus the smallest field in which complete 
tracks can be measured has a diameter of 53.6 uw. A 
field diameter of 70 4 was selected to allow for possible 


* Obtained from Ilford Inc., 2/4 Clements Road, 
Ilford Essex, England. 
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differences in the thickness (less than 10 j«) of the Pu®5® 
layer on bone surfaces and also for slight errors in 
apposition of the bone to the nuclear emulsion during 
the exposure. 

The autoradiograms in which «-tracks are counted 
visually must have an emulsion thick enough to 
completely stop all g&-particles. The range of the 
plutonium g-particle in Ilford C-2 emulsion has 
been calculated to be 20.5 «); the emulsion which 
we selected for producing autoradiograms of pluton- 
ium was 25 yw thick. 

The problem of latent image fading during long 
exposures"®) was eliminated for periods up to 6 months 
by making the exposure in the presence of a desiccant 

calcium chloride) at a temperature of —20°C. 

In order to have the densitometer readings pro- 
portional to the number of developed grains present in 
a field, the grains must absorb equal quantities of 
light. This means that the grains must be the same 
size in all autoradiograms as well as in different areas 
of one autoradiogram. All of the autoradiograms 
were developed in Eastman Kodak D-19 for 10 min at 
18°C. and fixed in Eastman Kodak acid fixer for 
30 min. The autoradiograms were then mounted on 
standard microscope slides. 


B. Instruments 

The basic instruments used were a Leitz Panphot 
microscope with the prefocused coil filament tungsten 
MacBeth—Ansco densitometer and 
The details of the assembled 


light source, a 
a Brown recorder. 
parts and their operation have been previously de- 
scribed.“7518) The photoelectric cell of the MacBeth— 
Ansco densitometer, mounted at the level of the film 
cassette of the Panphot, detects the slight reduction in 
the amount of light transmitted in areas of the 
emulsion of autoradiograms containing x-tracks. For 
maximum sensitivity, the image of the developed 
grains in the entire depth of the emulsion must be 
focused simultaneously on the cathode of the photo- 
electric cell. ‘This was accomplished by the use of a 
6 objective which has a depth of focus greater than 
25 w. The desired magnification of a 70-y field was 
obtained by the use of an 8 and proper 
extension of the bellows of the Leitz Panphot. 


ocular 


C. Calibration of the instruments 

The MacBeth—Ansco densitometer response (re- 
corded by a Brown potentiometer) was calibrated 
with a Pu®®® source of known activity deposited on a 
flat surface in approximately the same pattern as it is 
deposited on the surfaces of the suitable bone speci- 
mens. In the standards used to calibrate the instru- 
ment, Pu®*® was deposited in uniform thin layers on 
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disks 


deposition* or vaporization.t The «-emitting activity 


the surface of aluminum either by electro- 
of these disks was determined by routine «-counting 
techniques by the supplier. The stated activities were 
checked in this laboratory using a conventional pro- 
portional counter standardized with a USNBS U,O, 
standard. The uniformity of the Pu?*® deposition was 
verified by contact autoradiography. The disks were 
embedded in plastic and quantitative autoradiograms 
of the edge of the disk were produced using the same 
The light 
absorption of 70-4 diameter circles of these autoradio- 


procedures as for the bone specimens. 
grams was measured. A calibration curve was con- 
structed by plotting activity (tracks per unit time 
against the deflation of the Brown recorder (degree of 
light absorption). 


D. Experiment I 


Comparison of microdensitometric and track counting tech- 
niques. An autoradiogram of a cross-section of the 
lumbar vertebral centrum of a beagle hound, which 
had been injected with Pu®*® 3 months prior to sacri- 
Visual inspection of Fig. 2 
shows that the number of tracks produced by the 
radionuclide 


fice, is shown in Fig. 1. 


associated with the periosteal bone 
surface (e), haversian systems of cortical bone (h), and 
the endosteal surfaces of trabecular bone (p) are 
grossly different. 

An autoradiogram, exposed to the bone for 7 days, 
was used for the microdensitometric measurement of 
the Pu*8® activity associated with all three bone 
surfaces. 

The tracks produced by the Pu?8® associated with 
the periosteal surfaces and the haversian systems were 
counted visually in different areas of the same auto- 
radiogram. However, the number of tracks produced 
by the Pu®®® at the endosteal surface was generally too 
great for accurate visual counting in this autoradio- 
gram, and these data were obtained from an auto- 
radiogram exposed for only | day. 

Calculation of radionuclide concentration. The Pu?*® 
deposition pattern observed in bone tissue shortly 
after injection is that of a sheet or a thin slab of the 
radionuclide surrounding all calcified surfaces.‘?9.?) 

A formula relating the number of tracks measured 
in a specific length of an autoradiogram to the number 
of disintegrations (per area of bone surface perpen- 
dicular to the emulsion) has been reported for this 


* These disks, Electric 
Hanford Atomic Products Operation, were prepared 
according to the technique of Ko™®, 

+ These disks were obtained from Los Alamos Scientific 
Laboratory through the courtesy of Wricgur H. LANGHAM 
and M. A. Van Dita. 
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type of deposition pattern.4°) The formula is as 
follows: 
4T 


D=-—— 
L Ray 


where JD is the disintegration rate per area of «- 
emitting source 

T is the number of tracks formed per unit 
time 

L is the length of source measured 

Ray is the average range of the plutonium «- 
particle in the media on either side of the 
source 

This formula assumes that the radionuclide is 
deposited uniformly over the small surface area meas- 
ured. The radionuclide concentration per area is 
easily calculated when the disintegration rate per area 
is known. 

Calculation of localized dose rate. A formula for calcu- 
lating the average dose rate delivered throughout a 
specified distance from an «-emitting plane source has 
been previously reported.“5) This formula is as 


fol low S: 
) 
X 


where D is the disintegration rate per unit area of the 
source 
E is the energy of the emitted «-particle 
R is the range of the «-particle in the medium 
considered 
p is the density of the medium 
X is the specified distance from the source 


average dose rate 


DE ' 
2Rp ( 


E. Experiment II 


Accuracy of microdensitometric technique. The reliability 
and accuracy of the microdensitometric method was 
established by comparing the Pu?’ content of a large 
bone determined microdensitometrically with com- 
parable samples measured by the routine radio- 
chemical technique.“ 

The estimation of the amount of radionuclide in a 
large bone sample by microdensitometric measure- 
ments involves: (1) the measurement of the localized 
concentration of the radionuclide deposited on bony 
surfaces in different anatomical regions; and (2) the 
measurement of the total area of the bone surfaces 
which contain the radionuclide. One half of the 
centrum of the twelfth thoracic vertebra was em- 
bedded in Scotch Cast Resin no. 2 and used to 
produce quantitative autoradiograms for micro- 
densitometric scanning. The other half of the twelfth 
centrum was embedded in ethyl and butyl meth- 
acrylate, and serially sectioned at 18 4 thickness using 
techniques previously described.“*) Approximately 


Fic. 1. A macrophotograph of quantitative 

autoradiogram (exposed 30 days) of a cross- 

section of lumbar vertebra taken from a dog 

injected with 2.85 yc of Pu?8*/kg and sacrificed 
92 days after injection. 3 


J’ 


Fic. 2. An enlargement of the area of Fig. | 
showing the Pu?® deposition associated with 
the periosteal surface (e), haversian systems of 
cortical bone (h) and the endosteal surface of 
trabecular bone (p). 300 
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every twentieth section was projected onto a large 
piece of paper and the cutlines of the bone surfaces 
traced. The length of the trabecular endosteum in 
these sections was measured. The following formula 
was used to calculate the total endosteal surface area 
of the twelfth thoracic vertebral centrum. 
area = 2NTL (3) 

‘is the number of sections in one half of the 
centrum 

“is the thickness of the section 

is the average endosteal length per section 


where / 


RESULTS AND DISCUSSION 
Experiment I 


Comparison of microdensitometric and track counting 
techniques. The results of the microdensitometric 
method of analyzing autoradiograms and the 
technique of visually counting tracks in auto- 
radiograms are presented in Table 1. These 
data show that the average concentration of 
Pu5® on endosteal surfaces of trabecular bone is 
about five times greater than the radionuclide 
concentration on haversian systems of cortical 
bone and three times greater than the deposit 
on the periosteal surface of cortical bone. A 
comparison of the minimum and maximum 
number of tracks detected in a field, as well as 
the calculated averages, shows that there is very 
close agreement between the two techniques. 

The most apparent advantages in the use of 
the microdensitometric method as opposed to 
visual counting techniques for the determination 
of radionuclide concentration are: (1) that the 
time and labor involved in obtaining sufficient 
data for analysis are greatly reduced; (2) that 
the magnitudes of radionuclide concentration 
which can be measured microdensitometrically 
in adjacent areas of an autoradiogram greatly 
exceed the narrow concentration range which 
can be counted visually; and (3) the ease of 
identifying different histological structures and 
the radionuclide associated with them. In 
tissues with an exceedingly low radionuclide 
content the visual counting of tracks may be the 
more expedient procedure, since the exposure 
time required to produce a sufficient quantity of 
tracks in an autoradiogram for microdensito- 
metric measurements may be months or perhaps 
years. 
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Although data expressed as the number of 
tracks per area can be used for quantitative 
comparison of radionuclide concentration be- 
tween areas, they give no information regarding 
the actual concentration of the radionuclide in 
any given area. However, the average Pu 
concentration on the endosteal surface from the 
the data given in Table | may be calculated as 
follows: The average number of tracks (7) 
produced by endosteal surfaces is 165-175 per 
week or about 24 per day per 70 uw length. The 
length of the surface source measured (L) is the 
diameter of the field or 70 uw. Ray is the average 
of the ranges of the plutonium «-particle in bone 
(24.1) and in the plastic (29.5) filling the 
marrow spaces, or 26.8 uw. Using these values, 
and equation (1), we find that the average 
disintegration rate (D) is 96 per day of measured 
endosteal surface (1876 uw?) or 0.0511/day per 
®. As | wuc of a radionuclide produces 2.22 
dis/min, the average Pu®®® concentration of the 
endosteal surface is 1.6 « 107° yyc/y*. By 
similar calculations the average Pu**® concen- 
tration on the periosteal surfaces and haversian 
systems is found to be 0.54 « 10-° and 0.30 x 
10-> uwyuc/u*, respectively. 


Experiment Il 


Accuracy of microdensitometric technique. The 
results of the radiochemical determination of 
Pu®8® content presented in Table 2 show that 
there was a +3 to +10 per cent variation in the 
radionuclide content of two thoracic vertebral 
centra taken from the same dog. In addition 
it is apparent that considerable variation in the 
Pu®8® content of thoracic vertebral centra 
existed between dogs, which was not related to 
slight differences in the injected dose of Pu, 

The amount of Pu?’® on the endosteal surface 
of the twelfth thoracic centrum was determined 
from microdensitometric measurements made 
randomly at distances of 0.5 mm throughout the 
autoradiogram. The average amount of Pu?3® 
on | yp? of endosteal surface was 1.37 x 10-° 
uc. (The standard deviation of the sample was 
0.714 «x 10-5 wyuc.) The number of sections in 
one-half of this centrum was 380 and the section 
thickness was 18 uw. The average endosteal 
length per section was 300 mm. Using equation 
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Table 1. Comparison of the densitometric 
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D) and visual track counting (VTC) analysis of an autoradiogram 


of the fourth lumbar centrum of beagle 'T16P5* (exposure time, 7 days) 


Number of circles 
measured 


D VTC 


Periosteal 


surfac e 


Cortical 
haversian 
systems 


Endosteal 


45 40 


surfaces 140 


* Injected with 2.85 jac 


Minimum no. 
tracks/circle 


VTC D 


35t 


Average no. 
tracks/circle 
VTC 


Maximum no. 
tracks/circle 


VTC D 


84 : 56 


399+ 


Pu?89 per kg 3 months prior to sacrifice. 


+ Track counts made on |-day exposure autoradiogram. Figures adjusted for comparison with 7-day autoradiograms. 


(3), the total endosteal surface area for this bone 
was calculated to be about 4100 mm. 

The total amount of Pu®®® located on the 
endosteal the twelfth thoracic 
centrum as calculated from the microdensito- 


surfaces of 
metric measurements and area is therefore: 


1Q-u pc 


9 
i~ 


i 


4.] 10° wv? = 0.056 yc 


Thus, the Pu**® content of the endosteal sur- 
face of the twelfth thoracic vertebral centrum as 
determined microdensitometrically is about 76 
per cent of the amount found radiochemically in 


Table 2. Radiochemical determinations of the Pu?®® 


Time of sacrifice 
Dog 


days uc/kg 


TSPS 15 


TIOP5 


* Calculated from densitometric measurements. 


Injected dose Pu®8® 


the whole eleventh thoracic vertebral centrum 
of the same dog. 

This estimate of Pu®® content of the twelfth 
thoracic centrum by the microdensitometric 
method is probably low, since measurements of 
the radionuclide content in cortical bone and 
marrow were not included in this figure. 
Further, slight errors, either in estimating 
the thickness of the section or in measuring the 
endosteal surface length, are magnified in the 
final calculation of gross radionuclide content. 

Although the microdensitometric technique 
is impractical for rapid estimation of radionu- 
clide content of large samples of tissue, we feel 


content of thoracic vertebral centra of adult beagle dogs 


Pu289 content 
Vertebral centrum 
Cc) 
0.092 
0.097 


9th thoracic 
10th thoracic 


0.083 
0.102 


9th thoracic 
11th thoracic 


0.091 
0.075 


9th thoracic 
11th thoracic 
9th thoracic 0.086 
11th thoracic 
12th thoracic 
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that the results obtained by this technique are 
close enough to those obtained by the routine 
radiochemical method to validate the accuracy 
of microdensitometric measurements of localized 
radionuclide content in bone tissue. 

Calculation of localized dose rate. If it is assumed 
that Pu®§® is distributed uniformly throughout 
the skeleton, the average skeletal dose received 
by the beagle hounds studied in this laboratory 
with a Pu®*® burden of about 30.0 wc of Pu®® 
has been calculated to be 5.4 rads per day at | 
month after injection.“*) However, it is well 
known that plutonium is not deposited uni- 
formly throughout the skeleton and that the 
vertebrae contain a relatively higher proportion 
of the radionuclide than other bones.‘*) 
Furthermore, the cells which actually absorb a 
dosage of radiation must be within one «-particle 
range of the Pu?3® deposit. 

The range of the Pu*®® «-particle has been 
calculated to be 24.1 yw in bone tissue and 34.1 
in marrow, the bone tissue receiving a dosage 
from endosteal Pu*?® must lie within 24 mw and 
the marrow cells within 34 yu of the surface of a 
trabecula. The average dose rate to these cells 
can be calculated using equation (2). 

If we consider the average dose rate delivered 
to cells lying within the range of the Pu*? 
x-particle, the specified distance (X) is equal to 
the «-range (R) and the term In> is zero. The 
energy (£) of the Pu®8® x-particle is 5.15 MeV 
per disintegration. The range (R) of the alpha 
particle in bone is 24.1 « and the density (p) of 
bone is 2.0.47) The average disintegration rate 
(D) of the radionuclide on the endosteal surface 
of the lumbar centrum (Table 1) was calculated 
to be 0.0511 per day per y® of surface area. 
Using equation (2) and appropriate conversions, 
the average dose rate to bone tissue is calculated 
as follows: 


] 5.15 MeV 
2x 24u 
10-% erg 10! yu? 1 cm3 
MeV 


average dose rate : 
dis 


1.6 > 


2¢g 
0.0511 dis 


cm? 


1 rad 


* 700 ergs/g yu” day 


average dose rate = 41 rads per day 
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For marrow, the range (R) is 34 « and the 
density (p) is 1.0. By a similar calculation the 
average dose rate to the marrow cells, including 
the endosteal cells, is 62 rads per day. Thus, the 
localized dose rates to bone and marrow cells are 
approximately ten times the average skeletal 
dose rate previously calculated. These figures 
are of particular interest since about 35 per cent 
of the osteogenic sarcomas observed in dogs 
with a Pu*8® burden have originated in the 
centra of the vertebral column.“ It seems 
reasonable to assume from this data that cells 
giving rise to osteogenic sarcomas probably 
receive a much higher dosage of radiation than 
previously suspected. 

Since measurements of the localized radio- 
nuclide can be made both rapidly and accurately 
by the microdensitometric technique, the accu- 
mulation of such data should permit additional 
calculations of localized dosage of radiation to 
tissues which may eventually be related to other 
histopathological changes occurring. 
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Abstract—Selectivity for cesium was improved by heating montmorillonites to temperatures 
in the range of from 600 to 700°C. The optimum temperature depends on the saturating cation 
and bentonite type. For montmorillonites heated in this temperature range and at higher 
temperatures, clay—solution contact time was an important consideration. Sorption character- 
istics over a wide range of cesium concentration were investigated; the results suggested a 
multifunctional exchange reaction for the 600°C calcium—montmorillonite and a simple mass 
action reaction for the oven-dried calcium—montmorillonite. ‘The study of the influence of 
heating periods at 600°C for calcium—montmorillonite showed that longer heating periods 
resulted in a decreasing degree of initial sorption; however, cesium sorption gradually in- 
creased with solution—clay contact time and eventually exceeded the cesium sorption of oven- 
dried samples. 

These findings are significant for the understanding of clay mineral genesis and for applica- 


tions in ground disposal of radioactive waste. 


INTRODUCTION 

AN EARLIER paper emphasized the role of clay 
mineral structure in selective cesium sorption 
from radioactive waste solutions.” Following 
tests on synthetic micas, which verified the 
importance of the 10-A c-axis spacing of the 
minerals, vermiculite was treated with neutral 
KCl to convert the 14-A c-axis spacing to 10 A. 
This treatment resulted in a higher specific 
affinity for cesium by the mineral, verifying 
again the importance of the 10-A spacing. 

Although montmorillonite showed some im- 
provement in its ability to sorb cesium after 
treatment with KCl, it was felt that greater 
improvements could be demonstrated if the 
c-axis spacing were reduced to 10 A. The KCl 
treatment reduced the spacing of montmorillo- 
nite from 15 to 12 A, which is circumspect 
evidence of a loss of one layer of water and the 
retention of one layer of water between the 
silicate sheets (the water layers contribute to the 
c-axis dimension). ‘Though the remaining 

* Operated by Union Carbide Corporation for the U.S. 
Atomic Energy Commission. 


149 


monolayer of water can be removed by oven 
drying at 100°C, montmorillonites exhibit a 
strong tendency to rehydrate. Therefore, any 
benefit that might be derived from heating 
would be nullified if the clay were brought into 
contact with the waste solution. 

To overcome rehydration, montmorillonites 
could be heated to some temperature that would 
result in irreversible collapse of the silicate 
sheets. Though it is known that high tempera- 
tures reduce the ion-exchange capacity of the 
clays, earlier studies with synthetic micas and 
vermiculite had shown that exchange capacity 
was not the dominant factor in this type of 
sorption. In addition to reporting the sorption 
of cesium by montmorillonites which had been 
heated, measurements of the c-axis spacing, ion- 
exchange capacity, and weight loss of the clays 
are included. 

SAMPLE DESCRIPTION AND 
PREPARATION 

The montmorillonites used for this study 
obtained from Ward’s Natural Science Establishment 
and were collected at the same localities from which 
the original samples were obtained for American 


were 
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Table 1. Sorption of cesium from 6 M NaNOsg solution by Ca-, Na- and K-Wyoming bentonite 
Samples heated for 3 hr at designated temperature; sorption determined at different times and expressed 
as per cent sorption with 100 per cent = 0.5 mg Cs/g of clay.) 


Ca 


l'emperature 


C 


100 

300 
500 
600 
700 
800 


Petroleum Institute’s Project no. 49), The samples 
were catalogued as montmorillonite no. 26, Clay 
Tazewell, 
montmorillonite no. 23, Chambers, 
Arizona; and Hectorite no. 34, Hector, California. 

Most of the data reported were obtained using 
montmorillonite no. 26 from Clay Spur, Wyoming. 


Spur, Wyoming; metabentonite no. 41, 


Virginia; 


[he samples of montmorillonite, containing sodium, 
calcium or potassium as the saturating cation, were 
heated to different temperatures up to 800°C. Unless 
otherwise specified, the duration of heating at a given 
> hr. 
oven-dried material were weighed and placed in 


temperature was Samples equivalent to | g of 
contact with 5 ml of 6 M NaNO, solution containing 
0-5 mg of cesium. The amount sorbed at any given 
time during the contact period was determined by 
counting the Cs!%? activity in the supernate. 

Ion-exchange capacities were determined using 
the calcium saturation—versene titration technique 
described by JAckson™, X-ray diffraction patterns 
were developed using the oriented specimen tech- 
nique on a Norelco X-ray diffractometer. 


RESULTS 

The influence on the sorption of cesium by 
The 
nature of the response may be visualized more 
easily by the plot of the potassium montmorillo- 
nite (henceforth referred to as K-montmorillo- 
nite) data in Fig. 1. The shape of the curves for 
and (Na- 
and Ca-montmorillonite) is similar to the curves 
shown in Fig. 1. 

One of the most striking features of the curves 
in Fig. 1 and the data in Table 1 is that maximum 


heating bentonite is shown in Table 1. 


sodium calcium montmorillonites 


Na K 


Contact time 


| 18 5 ] 18 115 696 


31.4 49.9 
ai.t SS 
47.9 47.6 
50.3 47.6 


64.8 82.6 
51.4 62.3 


35.6 
42.2 
37.6 
40.4 
29.6 
14.9 


29.6 
28.8 
29.1 
51.7 
29.4 
0.49 


32.0 
31.0 
32.6 
48.5 
50.9 
5.64 va 


51.6 
51.5 
47.6 
48.7 
51.6 
34.8 


G1 OF NO © NO NO 
uunwon >} = 


_ 


sorption occurs after heating the sample to 
from 600 to 700°C. For both Na- and K-mont- 
morillonites, the maximum sorption is achieved 
after 696 hr contact time by heating to 700°C; 
with Ca-montmorillonite this maximum occurs 
at 600°C, though the 700°C sample is still higher 
than those heated to lower temperatures. The 
marked decrease of sorption by the 600°C 
Na-montmorillonite sample with time is not 
understood. 


696 | 
/ | 


/ 445 br 


400 600 
TEMPERATURE (°C) 


Fic. 1. ‘The sorption of cesium as influenced by 
heating of K-montmorillonite and by solution 
clay contact time. 
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Of the three saturating cations, potassium 
appears to be the best ion for cesium sorption. 
The K-montmorillonite shows good sorption 
characteristics even after 800°C heating. The 
Ca- and K-montmorillonite samples are not at 
equilibrium after 1-hr contact time, even for the 
oven-dried samples. A strong time dependence 
is shown by the samples heated to higher tem- 
peratures. 

In Table 2 the weight loss and ion-exchange 
capacities of heat-treated clays are shown. The 


Table 2. The loss in weight and ion-exchange capacity of 


Ca- Na- and K-Wyoming bentonite after heating 


i 


Ion-exchange 
capacity 
(mEquiv/100 g) 


Loss in weight 


‘Temperature (%) 


Ca Na K 
0 0 
0.55 0.40 
1.10 0.67 
2.00 1.84 
5.16 4.21 
5.30 4.30 


79.7 
83.4 
83.8 
80.1 
46.1 


iS.o 


83.0 
83.9 
83.7 
49.5 
15.6 
7.96 


96.2 
94.9 
89.9 
86.7 
33.1 
13.7 


1.80 
2.40 
2.90 
6.04 
6.29 


largest single increment of loss in weight occur- 
red after heating the clays to 700°C. For the Na- 
and K-montmorillonites this is also the tem- 
perature at which cesium sorption is at a maxi- 
mum after 696-hr contact time. Although the 


700°C. heating of Ca-montmorillonite is bene- 
ficial, 600°C heating results in an equal or even 
higher attraction for cesium. The ion-exchange 
capacity data are indeed interesting. In all 
three cases the high cesium affinity is associated 
with drastic reductions in exchange capacity 
from the original value; for Na- and K-mont- 
morillonites the reduction is observed at 700°C; 
and for Ca-montmorillonite it is at 600°C, 

The data in Tables 1 and 2 were obtained 
after heating the samples for 3 hr at the desig- 
nated temperature, except the 100°C sample 
which was oven dried for 18 hr. In order to test 
the possible influence of heating time on sorption 
behavior, samples of Ca-montmorillonite were 
heated for different periods at 600°C. The 
results are shown in Table 3. A short period of 
heating gives sorption values equivalent to the 
oven-dried samples after 1 hr of contact. Then, 
with longer contact time, more cesium is sorbed 
by the 600°C sample, and a higher equilibrium 
value is noted. However, with longer heating 
periods, the initial rate of the sorption reaction 
is reduced; with increasing contact time, the 
material sorbs even more cesium and reaches an 
even higher equilibrium value. 

Included in Table 3 are data taken from the 
X-ray diffraction patterns. The c-axis is reduced 
from approximately 12.6 A to 11.5 A at longer 
heating intervals. The broad maxima of sam- 
ples heated for longer periods suggest a greater 
degree of interstratification. ‘The X-ray diffrac- 
tion tests were made with samples collected 


Table 3. The influence of heating duration on cesium sorption, 001 spacing and weight loss of Wyoming bentonite 


. Sorption 
Heating : 
(hr 
Dura- 
tion 
(min ) 


‘Temperature 


ri ‘\ 
\ 4} 


ir on | 


am OS 
on 


m NO NO NO OO OO OO | 
an 


Ohm > 


X-ray diffraction 

data “s 

001 Weight 
maxima 


(A Peak 


Intensity 
shape 


loss 


237 


V. Strong 
V. Strong 
Strong 
Medium 
Weak 
Weak 
Weak 


29.9 Sharp 
Sharp 
Sharp 
Sharp 
Broad 
Broad 
Broad 
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montmorillonite from 0.1 M NaCl based on 


Description of cesium sorption by Ca- 
mass action. 


on a glass slide from a water suspension after 
heating. Weight loss is gradually reduced with 
heating time; this suggests that the clay was not 
dehydroxylated during any given heating 
period. Possibly even | hr of heating at 700°C 
is not sufficient to completely dehydroxylate 
the clay. Note too that the total weight loss is 
much greater than that reported in Table 1. 
The difference is attributable to the fact that the 
Ca-montmorillonite had been oven-dried pre- 
viously and exposed to air, thus permitting 
rehydration. The sorption values in Table 3, 
however, are not suspect, since the test was 
conducted on the same batch of material. 
Samples of 600°C heated and oven-dried 
Ca-montmorillonite were contacted with 0.1 M 
NaCl solutions containing different concen- 


trations of cesium. The cesium concentrations 


SELECTIVITY OF BENTONITES BY HEAT 
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ranged from 10-® to 1 mEquiv per mEquiv of 
clay.* The sorption data are plotted in Fig. 2. 
The experimental points correspond to 73 hr of 
contact time. Calculated curves are also inclu- 
ded; in one case an “equilibrium constant”’ (K) 
of 12 was assumed for the entire exchange 
capacity; in the other case the exchange sites 
were divided into two types for which K’s of 2 
and 10° were assumed. The data agree reason- 
bly well with the two types of response assumed 
for the system under investigation. It is evident 
that further “‘curve fitting’? could be accom- 
plished by assuming more than two “equilibrium 
constants’ and by changing the relative distri- 
bution of the exchange sites; however, this 
would not increase the significance of the data. 
Further evidence of the effect of heat treat- 
ment on other bentonites is shown in Table 4. 
These data re-emphasize the importance of the 
saturating cation as well as the heat treatment. 
It is interesting to note that both dioctahedral 
and trioctahedral montmorillonites show im- 
provement with heating. The Wyoming and 
Arizona bentonites are dioctahedral minerals; 
the hectorite sample is trioctahedral. The 
metabentonite is actually an_ interstratified 
illite-montmorillonite clay. 


DISCUSSION 


From the data presented there is no question 
that heating bentonites to some higher tempera- 
ture will enhance their sorptive capacity for 


cesium in waste solutions. Questions may be 
raised regarding the changes which occur in 
bentonites heated at 600 or 700°C. At these 
temperatures montmorillonites lose weight at- 
tributable to the lattice hydroxyls (Table 2). It 
might be suspected, therefore, that a new 
crystal phase or compound is formed which gives 
rise to the increased specificity. Grim and 
BraDLeY™) report that the layer structure of 
montmorillonites persists to temperatures of the 
order of from 800 to 900°C; and above these 
temperatures, the mineral spinel appears in the 
samples. The results in Table 1 show that Na- 
and Ca-montmorillonite sorption is greatly 


* The assumption was made that no change in cation- 
exchange capacity occurred with the 600°C sample; if 
the reduced capacity had been used the shape of the curve 
in Fig. 2 would not be affected. 


Fic. 3. Physical characteristics of montmorillonite after heat treatment. From left to right: 
natural montmorillonite, K-montmorillonite, and K-montmorillonite heated to 700 C. 
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Table 4. Influence of heating on the sorption of cesium from 6 M NaNOg by several bentonites 
Samples heated for | hr at designated temperature; sorption determined at different times and expressed as 


Metabentonite 
Tazewell, Virginia 


Contact Time 


per cent sorption with 100 per cent 


1.0 mg Cs/g of clay.) 


Hectorite 
Hector, 
California 


Bentonite 
Chambers, Arizona 


( : 
i Heating temperature (°C) 


600 700 22 


~~) 
NmMNMN o> 


2; 


31.58 
31.08 
30.73 
30.09 
30.27 


28.11 
44.06 
46.05 
47.06 
46.25 


~sI ol sJ SJ 
_— — CO 


— & Cor 


700 K-22* K-600* K-700* 700 


26.95 
35.69 
35.69 
36.66 
35.25 


84.61 
85.21 
83.99 
83.24 
82.36 


69.10 80.34 
69.84 
69.73 
69.73 
69.19 


18.63 
29.11 
33.60 
34.89 
35.10 


* K refers to potassium saturated Arizona bentonite; all other samples were tested in their natural state of cation 


saturation. 

reduced at 800°C rather than increased as one 
might suspect if new phases or compounds were 
formed. 

The time-sensitive reaction at 600 to 700°C 
also suggests that caution be exercised in the use 
of ion-exchange data to interpret the phenom- 
enon. Exchange capacity is not determined 
with any particular attention to time. Hence, 
it is possible that the exchange values may vary 
with different contact or desorption times, just 
as the cesium sorption reaction changes with 
time. 

A particularly strong argument in favor of the 
concept that increased cesium sorption is caused 
by lattice collapse is evident in the curves of 
Fig. 2. The curve obtained for the 600°C 
treated Ca-montmorillonite strongly resembles 
the sorption curve obtained for illite—a 10-A 
c-axis mineral. It is interesting to note that 
cesium sorption by illite, K-vermiculite and the 
phlogopites, all with 10-A c-axis spacing, is 
influenced by clay—solution contact time.” 

From the mineralogical viewpoint there are 
several interesting speculations. If the increase 
in cesium selectivity is a function of lattice col- 
lapse to 10 A of the c-axis, this technique might 
be used to differentiate the bentonites. Com- 
pare, for example, the 600°C treated K-mont- 
morillonites from Wyoming and Arizona. The 
plates of Wyoming bentonite must be rehydra- 
table at this temperature, whereas the plates of 
Arizona bentonite tend to remain closed. 


Grim'®) reports that montmorillonite is 
generally absent in sediments older than the 
Mesozoic. He writes: 

It seems likely that metamorphic processes would 
cause the alteration of montmorillonite to a mica 
type of mineral, and, therefore, the mineral would 
tend to disappear in more ancient sediments. When 
the structure of montmorillonite is completely 
collapsed so that all the water is removed from 
between the unit layers, rehydration of the mineral 
the has of the 


is difficult, and mineral 


attributes of mica. 


many 


With the data reported here, it is shown that 
when the structure is collapsed, the mineral 
has a much higher specificity for cesium (and 
potassium). ‘This behavior implies that the 
collapsed montmorillonite can more effectively 
“scavenge” for cesium (and potassium) and 
hasten its transformation to a micaceous mineral. 

Heat-treated bentonite may also find appli- 
cations in waste disposal. ‘Though bentonites 
are noted for their swelling characteristics, the 
heated material loses much of this characteristic 
(Fig. 3). The aggregate material not only 
settles reasonably fast, but is easy to wet. This 
property means that the material could be used 
in a liquid system without the formation of 
clumps which are difficult to disperse. At 
Oak Ridge National Laboratory, illite is used to 
remove cesium from process waste water ;"7>*) in 
regions or countries where illite is not available 
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in sufficient quantity or purity, the heat-treated 
bentonite might serve as a substitute. Further- 
more, there is reason to believe that further 
treatment should lead 


research on the heat 
to the discovery of materials greatly superior to 


illite. 
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Abstract—There has been considerable speculation concerning the evidentiary value of 
film badge and dosimetry readings and air monitor charts in the trial of personal injury action 
based on alleged radiation injury. Once health physics data has been introduced into evi- 
dence, the interpretation of the data becomes the subject of expert testimony—that of the medical 
and health physics witnesses. The role of the health physics expert witness in conclusions drawn 
from the data is discussed. Unless the terminology of the trade can be meaningfully translated 
into clear and understandable equivalents, the value of the health physics data and records 


may be attenuated or lost. 


THERE has been considerable speculation con- 
cerning the evidentiary value of film badge 
readings and other health physics data in the 
trial of a personal injury action based on alleged 
radiation injury. While there is, of course, no 
such thing as a “typical radiation case”’, there 
is the strong probability that extensive use will 


be made of the available health physics data in 
any case involving radiation injury. Because of 
this the lawyer, with the health physicist, has a 
legitimate concern in assuring that the records 
system is adequate for litigation purposes. 
The salient interests of the two disciplines must 
be accommodated—and within the limitations 
imposed by the usual economic practicalities. 

At the present time the “law of radiation”’ is 
far from settled. Under certain circumstances 
some jurisdictions may adopt a theory of strict 
or absolute liability and hold that the party who 
is responsible for radiation-caused injury must 
pay compensation for the injury—irrespective 
of whether there was any fault or negligence on 
his part. On the other hand, courts may apply 
the traditional negligence concepts so that, inso- 
far as the doctrinal law is concerned, a “‘radia- 
tion case”’ may go to the jury in much the same 
manner as the garden variety of automobile 
injury case. Between or around those two 


* The opinions expressed are personal and are not 
necessarily those of the Atomic Energy Commission. 


concepts lie various related doctrinal possibilities 
such as the concepts of nuisance, “‘ultra- 
hazardous activities’, and “‘res ipsa loquitur’’. 

With respect to the traditional negligence 
case, it may be said that the four principal 
elements of such a case are: 

(1) Duty of the defendant to use reasonable 

care. 

(2) A breach of that duty. 

(3) Causation. 

(4) Resulting loss or damage. 

Health physics data may be germane to each of 
those four elements. 

However, perhaps the more _ perplexing 
difficulties that will arise in the trial of a ‘‘radia- 
tion case”’ are those of proof and evidence rather 
than those of doctrine and concept. The latter, 
at least, have received considerable comment; 
the former, unfortunately, have gone largely 
unnoticed and represent an area where some 
original thinking is needed on the part of both 
the health physicist and the lawyer. 

These difficulties stem in part from the fact 
that ionizing radiation from a source outside the 
human body leaves no evidence other than the 
injury it inflicts or its effects upon certain 
instruments and devices. In the past the 
products and readings of instruments like the 
camera and X-ray have been successfully 
introduced into evidence in the law courts. 
However, many of the physical phenomena 
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associated with radiation can be proven or 
disproven only with the aid of instruments. 
Thus, it becomes not a question of using such 
instruments as the Geiger—Mueller counter or 
ionization chamber to confirm what is otherwise 
capable of being perceived by the senses, but 
rather a question of using the only existent means 
and methods. 

Of prime importance is the necessity for a 
standard operating procedure for the systematic 
generation of admissible evidence—covering 
the entire period of possible exposure to persons 
in the vicinity of the source. The kind of evi- 
dence needed depends, of course, on such con- 
siderations as the chemical nature of the emitter 
and the energy characteristics of the radiations. 


It goes without saying that, in the tailoring of 


the health physics records system to the indivi- 
dual characteristics peculiar to the operation, 
the records will be more valuable if, beyond 
accomplishing their intended health physics 
functions, they are developed in such a way as to 
be admissible in the 
same sense that there is no way by which total 


evidence. However, in 
protection against radiation can be achieved, no 
amount or types of records can guarantee com- 
plete immunity suit. A 
balance must be sought and struck. 


from a reasonable 

The lawyer, in attempting to resolve questions 
pertaining to the admissibility of particular 
health physics data, needs to be familiarized by 
the health physicist with the performance charac- 
teristics and the 
generating the data, as well as the underlying 


limitations of instruments 


scientific principles on which the operation of 


the instruments and the detection and measure- 
ment of radiation phenomena are predicated. 
The trial of a “‘radiation case’’ may well involve 


what might be called a “vacuum of proof”. 


That is, the theory of the plaintiff’s case may, in 
essence, be that unexplained injury and the 
possibility of exposure to radiation add up to 
compensable injury. Sufficient admissible health 
physics data will have to be assembled to fill 
that vacuum. Furthermore, since, as a practical 


matter, only the defendant—user has the means of 


generating the records, the courts may rational- 
ize “‘negligence’’ out of a failure to maintain 
adequate records. 

One of the principal factors affecting the 


admissibility of health physics data is the relia- 
bility of the instruments which produce those 
data. As far as the courts are concerned, the 
worth of each new device, like the camera or a 
police radar instrument, has had to be demon- 
strated. Consequently, one would be ill-advised 
to assume that a health physics instrument 
which has demonstrated its utility in the labora- 
tory has concomitantly gained the acceptance of 
the law courts. As one court has stated: 


Just when a scientific principle or discovery crosses 
the line between the experimental and demon- 
strable stages is difficult to define. Somewhere in 
this twilight zone the evidential force of the 
principle must be recognized, and while courts 
will go a long way in admitting expert testimony 
deduced from a well-recognized scientific principle 
or discovery, the thing from which the deduction 
is made must be sufficiently established to have 
gained general acceptance in the particular field 
in which it belongs. * 


The general rule with respect to any evidence 
is that the party offering the evidence must 
show that it is generally trustworthy in giving at 
least a reasonable approximation of the ‘‘truth”’. 
If objections are to be made against the admissi- 
bility of data obtained from health physics 
instruments and devices, one may reasonably 
expect that the objections will be based on the 
argument that the instrument or device is not a 
practical application of scientific facts that are 
generally known or ought to be known or that 
the instrument has not yet received general 
scientific recognition for reliability and accur- 
acy. If the instrument has not yet gained such 
general acceptance, expert testimony will be 
required to show the scientific principles under- 
lying the application and to convince the court 
of the reliability of the data. Once the reliability 
of the instrument has come to be recognized or 
noticed by the courts, expert testimony as to the 
general nature and trustworthiness of the instru- 
ment may be dispensed with. However, there 
will still be evidentiary requirements for 
foundational or preliminary proof that a 
particular instrument was properly set up, tested 
and calibrated and that the persons operating 


* Frye v. United States, 293 Fed. 1013, 1014 (D.C. Cir. 


1923). 
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the instrument and taking the readings are 
sufficiently qualified to perform those tasks. 

Once the health physics data have been 
placed into evidence, the interpretation of those 
data may also require the use of expert testi- 
mony. For the layman, who is unfamiliar with 
the concepts and jargon of radiation measure- 
ments, the value of the health physics data, so 
carefully recorded and laboriously assembled, 
may be attenuated or lost unless the terminology 
of the trade is meaningfully translated into 
clear and understandable equivalents. The 
complexities of radiation phenomena _ will 
remain just complexities for the jury unless terms 
like “‘rems”’, “‘rads’’, “inverse square law’’, etc., 
can be intelligently simplified and unpatroni- 
zingly presented. 

Because of the peculiar skills and knowledge 
which are required to explain the physical 
theories and applications ofradiation monitoring, 
the role of the expert witness will be a vital one 
at trial. And the effectiveness of the expert 
witness, whether health physicist or physician, 
in reaching admissible conclusions will depend 
to a large extent on the measurement data which 
have been successfully introduced and explained 
and from which the conclusions will in large 
part be drawn. 

The duty to use reasonable care 
element of a negligence case 
sidered in connection with the health physics 
instruments themselves, particularly, scanning 
instruments used for rapid, qualitative surveys 
to locate and establish the extent of the radiation 
source rather than measuring instruments used 
for quantitative determinations of the kind and 
amount of the radiation. A failure to use the 
most modern and up-to-date scanning equip- 
ment may in itself be held to be a breach of the 
required standard of reasonable care—espe- 
cially if there is the possibility that injury might 
have been avoided had a known instrument, in 
use elsewhere, been available at the site of the 
injury. Courts will expect, at the very least, that 
the known risks of radiation be minimized and, 
even when following negligence rather than 
strict liability doctrines, may insist on a high 
degree of care. A high degree of care simply 
means the use of greater precautions under the 
circumstances and, while sophistically different 


the first 
will now be con- 
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from strict liability, edges, practically, close to 
that doctrine. An interesting case on this point, 
decided in 1932, involved the sinking of two 
tugs, whose radio receiving sets were not in 
working order, at a time when bad weather had 
been predicted in radio reports. The court had 
these observations to make: 


It is not fair to say that there was a general custom 
among coastwise carriers so to equip their tugs. 
One line alone did it; as for the rest, they relied 
upon their crews, so far as they can be said to have 
relied at all.... 

Is it then a final answer that the business had not 
yet generally adopted receiving sets? There are, 
no doubt, cases where courts seem to make the 
general practice of the calling the standard of 
proper diligence.... 
reasonable prudence is in fact common prudence; 
but strictly it is never its measure; a whole calling 
may have unduly lagged in the adoption of new 
and available devices. 
tests, however persuasive be its 


Indeed in most cases 


It never may set its own 
usages. Courts 
must in the end say what is required; there are 
precautions so imperative that even their universal 
But 


here there was no custom at all as to receiving sets; 


disregard will not excuse their omission... . 
some had them, some did not; the most that can 
be urged is that they had not yet become general. 
Certainly in such a case we need not pause; when 
some have thought a device necessary, at least we 
may say that they were right, and the others too 
slack. * 
Thus, compliance with customary practices may 
not meet the required standard of reasonable 
care and the importance of keeping abreast of 
current developments is not to be underesti- 
mated. ‘The monitory function of health physics 
instruments, in the context of that standard, is 


significant not only with respect to preventing 
appreciable 
exposure but also with respect to reducing the 
“incident” has 


personnel from receiving any 


hazards of the exposure once an ‘ 
occurred. 

One of the advantages of adopting and adher- 
ing to a clearly defined standard operating 
procedure for the use of health physics instru- 
ments is that it may facilitate a showing of com- 
pliance with the applicable health and safety 
regulations. Lack of such compliance may in 
itself be held tantamount to negligence or may 


* The T. J. Hooper, 60 F.2d 737, 739-740 (2nd Cir. 1932). 
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be damaging evidence of a failure to observe the 
standard of reasonable care. However, mere 
compliance with the regulations should not be 
interpreted as providing immunity from negli- 
gence liability any more than compliance with 
the speed limit and other rules of the road 
should be interpreted to immunize the auto- 
mobile driver who is involved in a collision. 
There is obviously a wide interstitial area 
marked out for the exercise of discretion and 
judgment. Also, the possible requirement for the 
exercise of a high degree of care points up the 
the 
regulations as a serviceable bar to liability for 


unwisdom of viewing compliance with 


radiation injury. 

One of the most troublesome issues—from the 
point of view of problems of proof 
causation: the showing that a specific injury is 
attributable to a certain exposure to radiation 
or, for that matter, to radiation at all. This 
issue will be present not only in a negligence 
but 
liability 


also in a tried under a strict 


doctrine 


case case 
including workmen’s com- 
pensation cases where the injury or disease must 
generally be shown to be one “arising out of and 
in the course of employment”. Aside from the 
traditional philosophical difficulties inherent in 
effect and their 
reflections in such legal theories as the “‘but for”’ 


the basic laws of cause and 
rule, the ‘“‘substantial factor’’ rule and the ‘“‘more 
probable than not ”’ rule, there are some special 
practical problems which are somewhat unique 
to the 
the situation where radiation is being emitted 


“radiation case”. For example, there is 
simultaneously from two or more reactors in the 
the each 
facility contributes causatively to some physical 


same locality and radiation from 


injury. While similar problems have arisen in 
the past in cases dealing with stream pollution, 
converging fires, etc., their resolution by the 


courts has often proved to be a painful process 


and with sharp disagreements in the various 
jurisdictions. Furthermore, their complexity is 
by the 
absence of an expert consensus on such basic 


heightened in the “radiation case” 
etiological points as the “‘linear’”? and “‘thres- 
hold” theories of injury. A consequence of this 
is that the “radiation case’’ presents tempting 
opportunities to both plaintiff and defendant to 


muddy the waters. And while the example of 


is that of 


simultaneous emission from two reactors may be 
conceded to be a rather remote possibility, it is 
readily apparent that there are analogous 
trouble spots in the situation of a workman who 
has been employed at the site of two or more 
reactors and develops a cataract during the 
period of his current employment, as well as in 
the situation where there are, within a specified 
period of time, a series of “incidents’’ at the site 
of a reactor, only one of which can be attributed 
to negligence on the part of the owner. 

With respect to the various injuries that may 
some day be alleged in a “‘radiation case”’, such 
as sterility, cataracts, cancer, etc., there can be 
seen at once an evidentiary problem in the fact 
that some of the effects from radiation cannot be 
differentiated pathologically from the normal 
incidence of the same diseases. The symptoms of 
the acute radiation syndrome itself, however, 
appear to have a recognizable temporal sequence 
which may have great significance in the litiga- 
tion. For if symptoms like nausea and epilation 
which usually follow certain overexposures do 
not appear or appear in a grossly unorthodox 
manner, the diagnosis of the long-developing 
injury may be affected. Needless to say, a 
precise record of those symptoms should be kept. 

The role of the expert—this time, the medical 
witness—again needs to be stressed in con- 
nection with the question of damages. The 
more difficult issues here are those of the diag- 
nosis and prognosis of the long-developing 
injuries sought to be ascribed to radiation. The 
effectiveness of conflicting conclusions that are 
likely to be reached by opposing expert medical 
witnesses will depend to a large extent on the 
specific measurements and other health physics 
data that have been introduced into evidence. 
It is one thing for a witness to be able to conclude 
that an exposure to radiation probably caused 
leukemia or cancer. It may be quite another 
matter, however, when the same witness is 
asked whether a dose of 50 rems would probably 
cause those afflictions. The use of the word 
“probably” is emphasized since the rule 
followed by the majority of the courts in this 
country is that medical expert testimony to be 
sufficient to take the case to the jury must be to 
the effect that the accident probably caused the 
injury and not that the accident “might have” 
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or ‘“‘may have” or “could have’ caused the 
injury.* While this last statement is an over- 
simplification of a greatly complex area, the 
point remains that there are spectacular oppor- 
tunities for speculation on the damage question 
in a “radiation case’? and that the reasonable 
probabilities induced from specific health 
physics measurements may offer the only 
promising ties to reality. 

The use of a variety of devices, where feasible, 
offers distinct evidentiary advantages in that the 
data from one device may be used to corro- 
borate the data from another. The benefit 
would be apparent with respect to instruments 
that have not yet gained general recognition. 

No matter how smoothly the procedure may 
appear to be functioning, there is always the 
human factor to be considered; employees may, 
at the time of litigation, fail to remember impor- 
tant facts or may have terminated their employ- 
ment and be unavailable to testify. In deciding 
upon the degree of documentation which should 
be required for the various steps and facets 
of the procedure, it is easy to lose sight of the fact 
that the records may be needed for litigation 
which will transpire many years in the future. 
Depending on the circumstances, it may be 
desirable for the procedure to provide for 
particularly detailed job descriptions for certain 
health physics and other personnel. Also, how 
well documented are the pre-employment 
physical examinations? Are records kept on the 
repair, maintenance, calibration and testing of 
the instruments? Is there a clearly defined 
assignment of responsibilities to the employees 


* Bearman v. Prudential Ins. Co. of America, 186 F.2d 662 
(10th Cir. 1951). 
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who are keeping the records? How and when 
will statements and photographs be taken in the 
event of an “incident”? Is a record kept of the 
dates of attendance of employees at health 
physics lectures? What disposition is made of 
suggestions from employees with respect to the 
improvement of facilities, instruments or pro- 
cedures? Are the records well stored and safe- 
guarded in a manner commensurate with their 
importance? What record is kept of the 
precise working locations of employees in the 
larger reactors and facilities ? What documenta- 
tion is available to aid in refuting an allegation 
that a film badge or pocket dosimeter was 
simply not worn at the time of an “incident” ? 
What records are kept with respect to persons 
who visit the plant on guided tours or on a more 
or less casual basis? To what extent are the 
record entries developed solely from observ- 
ational data rather than the judgment, opinions 
and conclusions of the technicians? These are 
but a few illustrative points that deserve con- 
sideration, and the implementation is likely to 
vary according to the type of the operation or 
plant. 

The carefully planned and systematic genera- 
tion of the proper health physics records and 
data in the regular course of business will facili- 
tate the admission of those records and data into 
evidence in future litigation. The health 
physicist and the laywer have a common interest 
in achieving that goal, and, as one court has 
said: . courts are not presumed to be more 
ignorant than other people’’.t 


Tt Theo. B. Robertson Products Co. v. Nudelman, 389 Ill. 281, 
59 N.E. 2d 655, 157 A.L.R. 553 (1945). 
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Abstract 


A review of the published literature on the exposure of animals to microwave 


radiation indicates that the principal hazard results from the heating effect as the energy in the 
microwave radiation is absorbed in the body. The interpretation of extensive experimental data 
on small fur-bearing animals has led to the establishment of recommended exposure limits. 
These limits are discussed from the standpoint of the probable safety factor involved for total 
immersion of the human being in the microwave radiation field and for localized exposure 
confined to particular portions of the anatomy. Precautionary measures are discussed and a 
method for estimating the distance from a radiating antenna is presented. Some presently 
available microwave radiation intensity measuring devices are ‘described. 


INTRODUCTION 
Tue problems of biological damage from micro- 
wave radiation have been receiving more atten- 
tion as the ability to generate higher powers has 
improved. An increasing number of investiga- 


tors have interested themselves in the effects of 


electromagnetic radiation on living organisms, 
especially human. 

The heating effect of electromagnetic radia- 
tion on humans was first demonstrated in 1890 
by D’Arsonva.L. Since then, the medical pro- 
fession has been using higher and higher fre- 
quencies to heat living tissue for therapeutic 
purposes. By 1935 frequencies up to 10 Mc/s 
were being used. ‘The development of improved 
techniques for generating higher frequencies and 
higher power levels, accelerated by military 
requirements during World War II, made avail- 
able frequencies from several hundred mega- 
cycles to 30,000 Mc/s.“) The microwave region, 
the subject of this discussion, is considered to 
extend from approximately 200 Mc/s up to about 
5 x 10" ¢/s. 

Since the war, progress in developing higher 
powered microwave systems has continued. 
Fig. 1 shows a high-power White Alice Com- 


* The material contained in this article is incorporated 
in a book entitled Radiation Hazard Management by J. 
Hannock and M. M. Wess, to be published by Van 
Nostrand, Princeton, New Jersey. 


munications transmitting and receiving station, 
Recent interest in space exploration has stimu- 
lated further development of higher powered 
systems. At present, klystrons are available 
capable of delivering 10.0 kW of average power; 
and it is predicted that in the next five years the 
capabilities for power generation will increase by 
a factor of 100. 

The medical profession, the designers and 
the users of microwave generating systems soon 
developed an awareness of the possibility of 
potential damage to humans exposed to radi- 
ation from these devices. The principal damaging 
effect was realized at an early date to be due to 
the heating of the tissue exposed. Several 
meetings or symposia have been held in recent 
years to discuss this problem and to bring to- 
gether the people who have been studying 
various aspects of microwave radiation hazards. 

A meeting was held at Schenectady, New 
York, on | June 1954 of General Electric person- 
nel to discuss microwave radiation hazards and 
safety measures. At that time pertinent data was 
meager but what was available indicated that 
damage to living tissue when exposed to micro- 
wave radiation did occur and was a function of 
wavelength, the time of exposure, and the field 
intensity. ‘The most serious hazard was consider- 
ed to be injury to the eye by cataract formation 
due to heating of the lens tissue. Other organs 


160 


Fic. 1. White Alice communications system. 


Fic. 3. Microwave field intensity measurements at a White Alice site. 
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such as the kidney, brain, sex organs and cer- 
tain muscle tissue also seemed to indicate 
change and injury. A tentative set of safety 
practices was established for use until further 
evidence became available upon which to base a 
more realistic approach to the problem. 
Another meeting was held on 23 and 24 
September 1955 in Rochester, Minnesota, 
sponsored by the Mayo Clinic, on the Physio- 
logic and Pathologic Effects of Microwaves. 
The papers presented at this symposium were 
subsequently published in the I.R.E. Transac- 
tions of the Professional Group on Medical 
Electronics.” The data presented yielded 
sufficient evidence for establishing tolerance 
levels for experimental animals as a function of 
exposure time. However, the extrapolation to 
humans was still subject to considerable uncer- 
tainty. The consensus at that time and the 
apparently conservative approach was to assume 
that humans are just as susceptible as other 
animals. 
The first 


Annual Tri-Service Conference 


sponsored by the Air Research and Develop- 
ment Command was held on 15 and 16 July 


1957. At this meeting the military responsi- 
bility for research on the biomedical aspects of 
microwave radiation (assumed by the Air 
Research and Development Command on | 
July 1957) was outlined. The work to date was 
described and the program for the future dis- 
cussed. It was planned to hold periodic meetings 
to maintain close liaison among the investi- 
gators in the field, to expand research programs 
to include a sampling of frequencies from 200 
through 35,000 Mc/s, to investigate the effects of 
microwaves combined with X-rays, to further 
study of methods of microwave field measure- 
ment, and to study testicular and ocular damage 
as a function of frequency and cumulative 
dosages. 

The second Annual Tri-Service Conference on 
Biological Effects of Microwave Energy was 
held on 8, 9 and 10 July 1958.) At this meeting 
progress in various experiments to advance the 
available information concerning the effects of 
microwave energy on living tissue was reported. 
These experiments indicate a general verifi- 
cation of previous findings; however, more 
refined methods of measuring microwave radi- 
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ation field intensities imply that this aspect of 
these studies represents one of the important 
sources of uncertainties. More sensitive methods 
of measuring the effects indicate that lower 
thresholds of damage are being detected. Also 
these advances in detection ability make it 
possible to explore more carefully the sub- 
threshold cumulative effects of low-level micro- 
wave radiation exposures. 


EFFECTS OF MICROWAVE RADIATION 
ON LIVING TISSUE 
A. Localized exposure 

Experiments and accidental evidence have 
established that various organs of the body 
are particularly sensitive to microwave radi- - 
ation; this sensitivity leading to injury, is fre- 
quently serious, upon exposure. 

In 1952 Hirscu™ reported cataract formation 
in a laboratory technician whose eyes were 
exposed, in his daily work, for approximately | 
year to a power density of 0.1 W/cm?. Further 
studies on the effects of localized exposure to the 
eyes indicated that the hazard to the eye was one 
of the most serious aspects of exposure to micro- 
wave radiation, especially within the critical 
wavelengths ranging from 3 to 30 cm. 

Subsequent studies at 10 cm on animals by 
Ety and Go_pMAN®) in which a comparison of 
the heating effects on the whole body, the eye 
and the testes were compared, indicated that 
the testes were the most sensitive. Evidence 
indicates that moderate testicular damage is 
probably reversible with a possible temporarily 
induced sterility. Damage to the eye is prob- 
ably cumulative and nonreversible. However, 
further study of these aspects is necessary for 
more positive substantiation. 

Conclusions based upon extrapolation from 
animals to man can prove misleading. However, 
until further evidence is available, the more con- 
servative use of the available data is warranted, 
and the present threshold in animals should be 
considered dangerous for human eyes.‘ 


B. Cumulative effects 

Several investigators have found indications of 
cumulative effects.‘*®) In one experiment, ten 
exposures of 30 min each at a level of 0.15 W/cm? 
produced opacities in two of six rabbits. Thus 
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there is a possibility that opacities may be pro- 
duced as a cumulative radiation effect. This 
is of considerable importance with respect to its 
connotations in human exposure to low power 
levels of radiation over long periods of time. 
Barron et al.) conducted a comprehensive case 
study of personnel exposed to microwave radi- 
ation over a number of years. Although there 
were some indications of physiologic changes in 
these cases in excess of the control group, they 
were not considered serious and in all but one 
case the change was determined to be entirely 
unrelated to radar exposure. 

The results of these studies led to the tenta- 
tive estimate that localized exposure of the eye 
to levels exceeding 0.12 W/cm? should be con- 
sidered as potentially dangerous.'®:!® 


C. Total immersion effects 

Investigations were made by ELy and Go.p- 
MAN“) using 10-cm microwave radiation to 
determine the effects and hazards of total immer- 
sion. With a maximum available power density 
of no more than 0.100 W/cm? fatal fevers were 
induced in rats, rabbits and dogs. No animal 
survived a treatment which raised the body 
temperature to 44°C (111.2°F). Continued 
exposure to 0.025 W/cm? maintained a body 
temperature rise of 1°C, and 0.050 W/cm? was 
lethal to rabbits and dogs. * 

It was estimated that about 40 per cent of the 
incident energy was absorbed by the animals, 
placing the potentially lethal density at 0.020 
W/cm? for 100 per cent absorption. 

Scuwan and L1"!”) have studied the absorption 
of microwave radiation by the human body as a 
function of frequency for various skin thicknesses, 
accounting for the propagation constants of skin, 
fat and muscle. At frequencies lower than 400 
Mc/sand higher than 3000 Mc/s, the human body 
absorbs about 40 to 50 per cent of the radiation. 
Between 1000 and 3000 Mc/s, the percentage ab- 
sorbed fluctuates between 20 and 100 per cent, 


* These measurements were made by exposing the 
animal to an average field intensity sufficient to maintain 


a pre-chosen steady-state body temperature. On and off 


cycling of the field was employed to maintain this con- 
dition. This procedure was repeated for body-temperature 
increments of $ or 1°C. The transmitter was then shut 
off entirely and the animal’s cooling-temperature record 
was obtained. 
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depending on frequency, and thickness of skin 
and subcutaneous fat. 

Based on these studies it appears that total 
immersion of an animal body in fields of 0.01 
W/cm? could possibly sustain a body temperature 
rise of 1.0°C, and continued long exposure to 
0.02 W/cm? could possibly be fatal (assuming 
100 per cent absorption). 

However, Ey and GoLpMAN deduce that the 
human animal can tolerate more power than 
fur-bearing animals. They estimate that 100 
mW /cm#? is required to maintain a human body 
temperature rise of 2°C. 


D. Basis for establishing working tolerance levels 


Considering the various effects outlined above 
and in lieu of additional data, considerable 
conservatism in establishing safe exposure levels 
is called for. Since a good deal of evidence is 
presently available to indicate that whole-body 
exposure is the more critical of the effects leading 
to permanent damage, recommended safe levels 
should be based on whole-body exposure criteria. 
These could be modified, as in the case of ion- 
izing radiation, for instances of known localized 
exposure. A further caution is suggested in 
instances of simultaneous exposure to ionizing as 
well as microwave radiation. Conservative 
tolerance levels with adequate safety factors 
included should be used until acceptable results 
become available to warrant reconsideration of 
these levels. 

An examination of the available local, cumu- 
lative and total immersion data has led to 
general agreement among the groups interested 
in setting up safe tolerance levels.t 

An exposure limit of 10 mW/cm? has been 
adopted generally in industry and by the armed 
forces.“3,1 The Bell Laboratories qualifies this 
limit thus: 

(1) Power levels in excess of 10 mW/cm? are 
potentially hazardous, and personnel must not 
be permitted to enter areas where major parts of 
the body may be exposed to such levels. 

(2) Power levels between 1 and 10 mW/cm? 
are to be considered safe only for incidental, 


+ As of this writing no clear-cut evidence of dose vs. 


dose-rate effects are available, thus the recommended 
exposure levels specified in this section. 
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occasional or casual exposure, but are not 
permissible for extended exposure. 

(3) Power levels under | mW/cm? are safe for 
indefinitely prolonged exposure. 

Based upon the possible formation of cataracts 
at a level of 100 mW/cm/?, it might seem a factor 
of 10, namely a safe upper limit of 10 mW/cm?, 
would be adequate. However, the work of ELy 
and GotpMAN") showed that the lethal level for 
dogs, rabbits and rats totally immersed in the 
field was only 50 mW/cm?. Thus the safety 
factor of the above limit is only a factor of 5. 
Now in these experiments it was determined that 
only 40 per cent of the incident energy was 
absorbed by the animal. For total absorption, 
shown by ScHwan and Li") to be possible 
under certain conditions, the lethal level becomes 
only about 20 mW/cm?. This reduces the safety 
factor of the above limit to a factor of 2. This, 
however, is based upon experiments with fur- 
bearing animals and, since humans evidently can 
tolerate more, the safety factor would be higher. 

The establishment of an occupational occa- 
sional exposure area between | and 10 mW/cm? 
thus appears to be a realistic approach. 


POWER LEVELS IN MICROWAVE 
SYSTEMS AND SYSTEM 
COMPONENTS 

Microwave systems are generally used for 
radar, and communications. Generally, the 
radar systems use pulse operation and scanning 
antenna beams. Communication systems are 
commonly continuous-wave and fixed-antenna 
beam systems. However, these characteristics 
are not necessarily exclusive to either function 
and future systems for both radar and communi- 
cations may employ combinations of the above- 
mentioned techniques. 

A microwave system consists of several sub- 
divisions with significantly different levels of 
radiation existing in each area (Fig. 2). 

A. Waveguides 

Waveguides are hollow metal tubes usually of 
either circular or rectangular cross-section used 
to transmit microwave energy between the high- 
frequency components of the system such as the 
transmitter, receiver and antenna. The open end 
of a waveguide could be a source of localized 
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exposure, especially to the eye, in typical experi- 
mental or maintenance activities. A power level 
of more than 100 mW/cm? should be considered 
as hazardous. 

It is relatively simple to determine the power 


level at the open end of a waveguide. The 
power density within a uniformly illuminated 
area is given by 

P 


A (1) 


W = 


where W is the power density (W/cm?) 
P is the power in watts being transmitted 
A is the cross-section area of the wave- 
guide (cm?) 
(For a feedhorn the cross-section area at the 
mouth for the feedhorn should be substituted for 
this value.) 
Within a rectangular waveguide operating in 
a customary dominant mode, the greatest power 
density occurs at the center of the waveguide. 
Since the electric field is a cosine function, and 
the power is proportional to the square of the 
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electric field, the maximum power density will be 
twice the average power density, or 


2P 


max — A 


a) (2) 

From this formula the power levels in the 
waveguide can be calculated for the 100 mW/cm? 
(dangerous level), 10 mW/cm? (upper tolerance 
level for occasional exposure), and 1 mW/cm? 
for uncontrolled exposure. 


B. Antenna beams 

The problem of evaluating the hazards in the 
vicinity of a radiating antenna is complicated by 
a number of factors. The immediate environ- 
ment of the antenna will influence the radiation 


pattern by means of reflections and refractions of 


the beam. The radiation pattern, its side-lobes 
and general configuration will also enter into 
this consideration. These too will vary for the 
same antenna depending on location. However, 
by simplifying the consideration to a simple 
antenna radiation pattern, namely a round uni- 
formly illuminated antenna aperture in free 
space (or above a perfectly reflecting ground) 
and examining the field intensity along the axis 
of the main beam, can arrive at 
definite figures. ‘These may then be used as a 


one some 
basis for an evaluation of the need for a more 
complete solution for the actual and usually 
more complex situation under consideration. 
the 
power density at a given distance will be the 


For an isotropic radiator in free space, 


same as the average power density 
P 


tor 


W 


where r is the distance from the radiator. 

For an antenna having a power gain G, the 
power density on the axis of the major lobe (at a 
great distance where the field falls off inversely 
as the square of the distance) will be 

PG 


torr? 


W 


The power density may be expressed in terms 
of the effective area of the antenna A, and the 
47A//* in 


wavelength A, by substituting G 


equation (4) thus: 


PA 
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It is often convenient to express the power 
density in terms of the power density W, at the 
antenna aperture. Since W, = P/A, equation (5) 
becomes 


(6) 


The nearby field will depend upon the 
antenna design features which affect the illumin- 
ation of the antenna aperture by the radiation 
from the feedhorn. Assuming a round aperture 
with uniform illumination both in amplitude 
and phase, the power density on the axis of the 
antenna can be expressed thus: 


W=4W, at Z. 7) 

2dr 
Equation (7) implies that the power density 
varies as a function of distance with maxima = 
41V,. These maxima occur near the antenna 
and extend out to the furthest distance where 


a? ; A 
 —— 1, i.e. where — 
2Ar 2Ar 
Beyond this distance this power density falls off 
and approaches the inverse square relation of 
equation (6) asymptotically as the distance 
increases. 

Thus we recognize two well-defined zones in 
front of the antenna, the near region and the far 
region. In the near region (Fresnel region) the 
power density maxima 4IlV, are encountered. 
In the far region (Fraunhaufer region) the 
inverse square relation holds. Between the near 
region and the far region there is a transition 
region. The central part of this transition region 
occurs at the distance where the far field form- 
ula (6) predicts a power density equal to the 
maxima in the near field, i.e. it occurs where the 
distance is defined by the relation 


W(=) 4W, 


A 

r (boundary) = 8) 

At this boundary distance, the difference 
between the far field formula (6) and the exact 
formula (7) amounts to only 1.5 db. In the 
limited number of cases where this difference is 
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significant, the general equation (7) be 
used. Generally, however, it will be adequate to 


utilize the approximate formula thus: 


may 


and 


These two expressions were derived for a 
circular antenna aperture uniformly illuminated. 
In practice, the illumination is usually tapered 
across the aperture smoothly from the center 
where the energy is a maximum to the aperture 
extremities where it may be only one-tenth of the 


maximum. It can be shown that this tapering of 


the amplitude of the illumination does not alter 
the maxima of the power density in the near 
field appreciably, and has little effect in the far 
field on the beam axis. The expressions in 
equation (9) also apply conservatively to square 
apertures. 

For long and narrow rectangular apertures, 
uniformly illuminated, the following expressions 
apply approximately and conservatively : 

2 
for a ~ 
24 


4\2 
W, (=) for or 

Ar 
where d, wide dimension of antenna, and d, 
= narrow dimension of antenna. 

The near field formula for rectangular aper- 

tures was derived from a more complete analysis 
for distances such that 


d 
; l and — 
r Ar 


(10) 


and 


d,* 


C. Hazardous distance and power concept 

These observations can be used to calculate 
the hazardous power for the antenna, and, if the 
actual transmitter power exceeds this value, 
a hazardous distance can be evaluated from the 
far field formula. 

The near field maxima are 


I 


W max 4— 
A 


setting 


J U a 


0.01 W/cm? 
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then 


Pree = 2.5 AmW 


where A is expressed in cm?; or, for a circular 
antenna, 


Prax = 1.8 D2 W 


where D is in feet. 

Thus the beam of a 
considered hazardous if fed 
180 W average power. 

It is frequently more convenient to use the 
antenna gain instead of its diameter to compute 
the safe power. The gain of the antenna is given 


should be 
than 


10-ft dish 


with more 


approximately by 


(14 


Substituting this in equation (12) gives the 


approximate relation 


Pras = = 15 
Thus the hazardous power feeding a 35 db* gain 
antenna would be 51 W for 2 = 9 cm (S-band). 

With other than round, square or rectangular 
apertures, the near field pattern will be other 
than that assumed above. Equations (9) and 
(10) would then not apply exactly, but can still 
be used as a guide to evaluate the necessity for 
detailed analysis of the particular situation at 
ahand. 

In cases where a hazardous power level is 
being fed into a radiating system and hazardous 
levels are suspected nearby it is essential to 
determine the maximum hazardous distance, 
beyond which the power density level is less 
than 0.01 W cm. 

If suspect deusity levels exist near the antenna 
then they are likely to exist to about the mid- 
point of the transition region or r~™ A/2/ 
[equation (8)]. Beyond this distance the far 
field formula, equation (4), applies. However, 
this expression is for free space conditions and 
must be modified to account for the possibility of 
reinforcement due to reflection from the ground. 


* The unit db is a commonly used engineering term to 
express ratios of power. It is defined by the relation 
db 10 log (P,/P,). In this case if the antenna gain is 
35 db, this is equivalent to a gain of 3162, or P, 
3162P,. ; 
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The reflection coefficient of the ground may 
approach unity, thereby doubling the field 
strength and increasing the power density by a 
factor of 4. 
10 mW/cm? for IW, 
obtained: 


as above, the following is 


2 + 
2.5 mW ~G 16, 


Solving this for r, the hazardous distance is 
2 PwG 
wG 

cm™~ (— 


PuwG 
30. 


lOm 

7 

Now, 

the antenna parameters and the wavelength, an 
(] 7) is 


from equation (14 
alternate form of equation 


2 (Fem ~ 0.63 / (== “) cm 


18 


Thaz 


or in terms of the antenna diameter this becomes 


= HB) cm 19 
AN 


Therefore using the same example as above 
35 db, and P l 
power, the hazardous distance is 
325 ft. 


Thaz 


where G was assumed to be 


kW, 


determined as about 


average 


D. Effect of scanning 

The data on the hazards of microwaves have 
In the 
the average power ab- 
sorbed by a fixed subject will be reduced by the 


been based upon average power. case of 


the scanning antenna, 


ratio of the effective beam width to the scanned 
angle. Accordingly the hazardous power level is 
this ratio and the hazardous dis- 
tance is reduced by the square root of this ratio. 

The effective beam width in the far field will, 
somewhat greater than the 3- 
db beam width* and somewhat less than the 
width to the first null. The exact value depends, 
of course, upon the form factor of the radiation 
pattern. 


increased by 


in general, be 


* The 3-db beam width is defined as the angular 
width of the beam between the two points of the beam 
which are a factor of 


at the beam centre. 


down by 2 from the maximum 


usually 


Including this and using the value of 


defining G in terms of 
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In the near field the effective beam angle will 
vary with distance since the field is collimated. 
Here the av erage power density of the scanning 
antenna is given approximately by the relation: 

) a 360 
W~ W,— x 
Qar 6 
360, where @ is the scanned 
For 0 < D/2zr « 360° 


W~W, 


— (20) 
for 6 > D/2ar 

angle in degrees. 
(20a) 
Since It, = — (circular aperture), 


a i < 360 
6 
(21) 


for §6< = (21a) 
2ar 
Setting W = 0.01 W/cm?, 


tance in the near field is 


360 


—- xX — cm 
7] 


the hazardous dis- 


(22) 


D? 


- 360 ae 
4A 


and rs 
where P is in milliwatts, D is in centimeters. 

For # < D/2zxr x 360 the discussion in Section 
C above is applicable. 

For example, in the case of a 10-ft circular 
antenna scanning 360° with an average power of 
10,000 W, the hazardous distance would be 
about 22 ft. 

This example neglects reflection from the 
ground which can sometimes alter the average 
power density. Hence, a consideration of par- 
ticular environmental conditions may some- 
times be necessary. 

Also, it has been assumed that the subject is 
located in the path through which the main 
beam sweeps. For positions off the main beam, 
of course, the average power density will be less. 
Here again a consideration of the particular 
environment is indicated. 


E. Peak power vs. average power 


The hazardous level of 0.01 W/cm? was based 
on average power measurements. In fact many 
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Table 1. Power levels in rectangular waveguides 


A 
Waveguide (cm? 


S (10 cm) 
X (3 cm) 


Ka (1 cm) 


of the experiments on animals were made with 
continuous wave oscillators and the deleterious 
effects appeared to be due solely to the pro- 
duction of heat and the accompanying rise in 
temperature. If the duty cycle of the radar is 
0.001*, the peak power density associated with 
the hazardous level would be 10 W/cm?. It may 
be reasonable to assume that this peak power 
density may not cause damage by breaking 
down tissues. However, if the radar duty cycle 
were, say, 10-’, the peak power density would 
be 100 kW/cm?, approaching the level which 
causes breakdown in air. At this level it would 
be reasonable to assume that there might be a 
possibility of breakdown of tissue. Some place 
between the two examples just cited, danger due 
to breakdown of tissue from effects other than 
heating may be possible. A similar situation 
exists for very narrow-beamed sweeping anten- 
nas, whose exposure cycle is very small. The 
observations of HELLER and Pinto" suggest 
effects other than thermal and, if in fact these 
athermal effects are due to peak power, rather 
than average power, a more elaborate specifi- 
cation of safe and hazardous levels will be 
necessary. 


MEASUREMENT OF MICROWAVE 
POWER DENSITY 
The four basic methods of measuring power 
are calorimetry, bolometry, voltage measure- 
ments and radiation pressure measurements on 
reflecting surfaces. Calorimetric methods involve 


per cycle. 


MUMFORD 


Power levels (W) for: 


Wor =! 
mW/cm?) 


10 


Wasx * 
(mW/cm? 


(mW/cm? 


123 x 10° ae 10-* 


11.6 x 10-3 1.16 x 10 


1.29 10-3 


0.0129 0.129 x 10-3 


the transfer of electromagnetic energy into 
heat. Power is then determined by a measure- 
ment of temperature and time. Bolometric 
measurements are based upon the absorption of 
power in a temperature-sensitive resistive ele- 
ment. The change in resistance then indicates 
the power. This method is the most widely used, 
and the thermistor is generally employed as the 
sensing element. Although many thermistor 
bridges are available, many are susceptible to 
spurious pickup when exposed to pulsed micro- 
wave power. However, some commercially 
available bridges are designed specifically to 
work in an environment of pulsed microwave 
power. When used with a calibrated antenna 
and a matched thermistor in an r.f. head, these 
can measure power densities in the region of 
interest relative to the personnel hazard problem. 
For continuously radiated power, a simple diode 
rectifier, a d.c. meter and a calibrated antenna 
are adequate; however, these are entirely 
unsuited to measure pulsed microwave radiation. 

There are several commercially available 
microwave power density measuring devices. 
These devices rely upon antenna pickup probes 
and all have the same limitations. They are 
frequency sensitive, directive, and respond to 
only one sense of polarization. For specific 
surveys these limitations are not serious, how- 
ever, as a general survey device in situations 
where the surveyor is unaware of the specifi- 
cations of the radiation, these devices are of 
limited value. Fig. 3 shows a survey in progress. 

The Model 1200 Densiometer manufactured 
by Radar Measurements Corporation, Hicks- 
ville, N.Y., is designed to cover the frequency 
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range from 200 to 10,000 Mc/s. Measurement in 
any desired band is accomplished by simply 
changing to the appropriate antenna, supplied 
with the instrument. Fig. 4(a) and (b) shows the 
densiometer equipped with a c-band and u.h-f. 
antenna, respectively. ‘The unit is_ battery 
operated and measures average power levels in 
terms of decibels above and below 10 mW/cm*. 

Another power density meter presently avail- 
able is the Model NF-157 manufactured by 
Empire Devices, Amsterdam, N.Y. This unit 
covers the frequency range from 200 to 10,000 
Mc/s with three different antennas, and responds 
with an average power indication to pulsed or 
continuous power. Fig. 5(a) and (b) shows the 
density meter and the various probe attachments 
respectively. ‘The mid-scale reading of the meter 
covers the power density range from | mW/cm? 
to 1000 mW/cm?. 

(hese devices and other similar devices only 


partially supply the requirements for suitable 


microwave dosimeters. A device not limited by 
frequency, orientation and _ polarization is 
needed. Such a device might be based on either 
the calorimetric method or the radiation pressure 
principle. Until a more suitable microwave 
radiation survey device is made available, a 
careful survey and evaluation procedure should 
be employed wherever there are high-power 
microwave generators. Computations and esti- 
mates based on the type of analysis suggested 
above, coupled with measurements with avail- 
able power density meters, can yield reasonably 
safe criteria for the operation of the high- 
powered systems. A prudent adherence to the 
suggestions of maximum permissible exposure 
levels outlined above should go a long way 
toward avoiding any unfortunate accidents until 
the problem is more clearly understood and 
measurement and evaluation techniques have 
been considerably improved. 
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Abstract—A monitoring system utilizing 5-l. polyethylene ionization chambers has been 
installed at ten locations in the Cosmotron building. The current which flows in an ionization 
chamber during an accelerator pulse is integrated by an electrometer circuit. The resulting 
signal is displayed locally, at the accelerator console, and is recorded on a strip chart. A 
timing circuit controls the recorders and resets the integrators just before each accelerator 
pulse. The total dose over an arbitrary period of time is displayed digitally on a scaler for 
each detector. Full scale corresponds to 70 yr on a single Cosmotron pulse, or to an average 


rate of 500 mrems/hr. The circuits are sensitive to 0.1 per cent of the full-scale value. 


INTRODUCTION 
THE Cosmotron is a 2.5 BeV accelerator which 
normally is pulsed every 5 sec or 720 times per hr. 
The duration of each pulse varies from a few usec 
to 0.1 sec. It is desirable for a single pulse to 
produce a reading on the monitor meters which 
are calibrated in mrem/hr so that one may 
immediately estimate the dose if exposed to a 
series of pulses of the same intensity. One would 
like to have a permanent record of the individual 
intensities at each station and circuits to sum the 
successive readings to give an integrated dose 
over any selected period of time. 

The dynamic range of the circuits is from 0.5 
to 500 mrems/hr. An RBE of 10 is used, which 
includes a safety factor of 2, so that this is 0.05 
to 50 mrads/hr. The full-scale reading per pulse 
1S 

50 mrad/hrs . 
————————— 70 yrads/pulse 
720 pulses/hr ; 
For a 5000-cm* chamber, this gives 
7 x 10° e.s.u./em? x 5 
3 x 10% e.s.u./C 


1.17 


103 cm? 


10-19 C/pulse 


if this is integrated on 11.7 wuF, one obtains 
* Work performed under the auspices of the U.S. 
Atomic Energy Commission. 


10 V full scale. The circuits are stable to about 
10 mV or 0.1 per cent of full scale which is only 
slightly higher than natural background. 

A block diagram of the various circuits is 
shown in Fig. 1. All elements are repeated ten 
times except for the timing unit which controls 
them all in parallel. A start signal, ¢), is obtained 
from the Cosmotron at the start of the acceler- 
ation cycle. The local integrating capacitor is 
shorted for 0.25 sec following t,. The recorder 
prints the baseline at ¢, -+ 0.5 sec and the pulse 
intensity at ¢, +- 2.35. The intensity is sampled 
by the digitizer at ¢, The function 
and operation of the different units are explained 


2.0 sec. 


below. 


IONIZATION CHAMBER AND 
INTEGRATING AMPLIFIER 

The ionization chamber is made from a poly- 
ethylene container. Polyethylene is a reasonable 
approximation to tissue and has good electrical 
and mechanical properties. ‘The center electrode 
is a polyethylene rod, | in. in diameter, and all 
electrodes are painted with colloidal graphite. 
A collection potential of 300 V is sufficient to 
produce saturation with the pulses encountered. 
The center electrode is provided with a guard 
ring. 

The amplifier has two electrometer tubes and 
two transistors, as shown in Fig. 2. It is designed 
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to drive 1000 or more feet of cable. Integration 
is achieved by negative feedback through the 
padding capacitor. A variety of relays were 
examined for switching noise in a high-imped- 
ance circuit, and the relay used was selected for 
low noise upon opening and closing. The con- 
tacts have been remounted on Teflon insulation 
to maintain the high input impedance. The 
relay is closed for 0.25 sec at the start of the 


el JT N586 OR 
2Nn190 


Ts] 50K va) 
68K 2 es &sv-ao4 
= jf JS= 


~300V DELAYED 


acceleration cycle. The amplifier output rises 
during the pulse and holds its value during the 
time between pulses. The local meter is normally 
set to 2 V full scale so that it reads 100 mrems 
max. Each chamber—amplifier unit is exposed 
to a known flux and calibrated by adjusting the 
feedback capacitor. To keep grid current low, 
the electrometer filaments are turned on before 
plate potentials are applied. 
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CONTROL ROOM RECORDERS 
AND METERS 
Each amplifier is connected directly to a small 
strip chart recorder*, and to a meter? on the 
Cosmotron console. The recorders have a 
sensitivity of 1 mA full scale, a chart speed of 
2in/hr and normally print a dot every 2 sec. 
The printing mechanism was modified and a 
solenoid added so that one dot may be printed 
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scaler reading is, thus, proportional to the total 
dose received since it was reset to zero. 

The height-to-time converter is shown in 
Fig. 3. ‘Two pentodes are connected as a d.c. 
amplifier. By virtue of the “‘bootstrap” capacitor 
from the cathode of the second pentode to its 
screen and to a tap in the plate load resistor of 
the first pentode, both tubes have high voltage 
gains. A VR-tube in the output cathode circuit 


+200V 0 
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—O+300V . 
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Fic. 3. Amplitude-to-time converter. 


when the integrator is shorted and another 
between Cosmotron pulses, while the maximum 
reading is displayed. The recorders are adjusted 
to read 100 mrems/hr full scale. The console 
meters may be set to read 100 or 500 mrems/hr. 
They are provided with a sensing circuit which 
trips an alarm if the meter exceeds the selected 
level. 
INTEGRATED DOSE CIRCUIT 

So far we have described meters which 
indicate the dose at each chamber associated 
with individual Cosmotron pulses. There is also 
provision for integrating over an arbitrary length 
of time the dose measured at each chamber. It 
did not seem practical to integrate over a period 
of hours by electronic means the relatively small 
signals available, so the individual pulse inten- 
sities are converted to digital values and summed 
in a scaler. The analog-to-digital conversion is 
achieved by converting each pulse height to a 
proportional time “gate’’ which permits pulses 
from a stable oscillator to enter a scaler. The 


* “Rustrak’’, Rust Industrial Co. 
+ Mod. 2545, International Instruments, Inc. 


permits negative feedback to the input grid. 
This feedback is through a diode which conducts 
in only one direction. Normally a current flows 
through the high resistor, R, and through the 
diode; the feedback circuit is closed and the 
input grid is at about —1.5 V; the left-hand 
lead of capacitor, C, is connected to ground 
through a relay. Some time after the charge 
from the the accelerator pulse has been collected, 
the relay switches the input lead to the output of 
the electrometer amplifier. Since this is a posi- 
tive potential, capacitor C charges through the 
feedback diode. One-tenth second later the 
relay returns the input lead to ground. Since the 
C cannot discharge through the diode, the 
amplifier input is suddenly cut off and its output 
goes positive until caught by the second diode. 
C now discharges through R until the first 
pentode is turned on to almost exactly its former 
operating point when the output falls and the 
feedback circuit recloses. The 6AL5 cutoff 
characteristic is sharpened by the gain of the 
feedback amplifier so that the circuit is sensitive 
and stable to a few millivolts. The output pulse 
is positive. Its duration is proportional to the 
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input voltage amplitude and inversely pro- 
portional to RC. 

The output square wave passes clock pulses 
into a scaler. The clock pulses are derived from 
a 100-ke/s crystal oscillator divided by a scale-of- 
eight. The scaler has four decatron stages and a 
four-digit register. The clock frequency, RC and 
scaling factors are chosen so that the scalers read 


directly in mrems and fine adjustment is made by 


means of the pot to which R is connected. 


RADIATION MONITOR FOR 


PULSED ACCELERATORS 
CENTRAL UNIT 

The digitizing circuits described above, the 
scalers, strip chart recorders and the power 
supplies are mounted together in one rack in the 
back of the Cosmotron control room. A timing 
chassis is also mounted in the cabinet which 
contains the crystal oscillator, the scale-of-eight 
and a series of electronic delay circuits to operate 
the relays at the electrometer units, the strip 
chart recorders and the analog—digital converter. 
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Abstract 


Radiation sources presented by fallout or by neutron-induced activity from nuclear 


weapons may present a hazard different from that considered in industrial health physics. In 
order to be of maximum assistance under emergency conditions, the health physicist must be 
familiar with large area, mixed isotope sources and be ready to consider the acute somatic dose 
with survival as the primary objective. This paper considers the problem of radiation protection 
under the conditions of nuclear warfare, discusses fallout, induced activity, the /-hazard and 


‘ 


summarizes some 


‘rules of thumb” and calculation techniques designed to assist the health 


physicist in preparing himself for this eventuality. 


As LONG as the potential of a nuclear attack on 
the United States exists, it is the duty of every 
health physicist to be prepared to assist his 
fellow men in their problem of survival under 
nuclear conditions. ‘The radiological environ- 
ment in nuclear war may be so different from 
that of everyday health physics that prior con- 
sideration of the problems involved is essential 
if his potential value is to be realized. 

It is the intent of this article to point out some 
of the parameters of nuclear radiation under the 
conditions of nuclear war and to discuss some 
practical “‘rules of thumb” which can assist 
the health physicist in his evaluation of this new 
problem. It must be remembered that the 
problem, in its simplest terms, is that of sur- 
vival itself. The sources involved are large, 
infinite plane, /—y-sources consisting of mixed 
isotopes and exhibiting a complex decay scheme. 
The health physicist must “shift gears’’ in his 
thinking from the mr to r, from the long-term 


hazard to the acute somatic dose if he is to be of 


maximum. assistance. 

The “rules of thumb” 
mon usage and many have previously appeared 
in the open literature. ‘They are very broad and 
general in scope and are not intended to replace 
either continual monitoring or adequate dosi- 
metry but are merely to furnish rough guide 
lines that can be simply applied by relatively 
untrained disaster control workers. 


discussed are in com- 
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THE FALLOUT FIELD 

Since the major radiation source of interest 
under the conditions of nuclear warfare may 
well be the fallout field, let us look first at some 
of the parameters involved here. 

Fallout of significance to survival consists 
largely of particles of the target itself which have 
been pulverized or vaporized by the interaction 
of the fireball with the target. Fallout will only 
occur when the fireball touches the ground, i.e. 
a surface, low air, or shallow underground burst. 
Other types of detonations can contribute to the 
induced activity, but they do not produce 
significant fallout and will not be considered at 
this time. Fallout particles have been intimately 
mixed with fission products and have been 
bombarded by the intense neutron fluxes 
associated with the detonation. They exhibit a 
wide range of particle sizes, but, since the heavy 
particles fall within the primary range of heat 
and blast effects and the very small particles are 
associated with very low intensities, we may 
assume that the particle size of interest for sig- 
nificant fallout is in the 100-500 uw range. 

It is a matter of some interest that, in every 
instance where a potentially lethal fallout field 
has been produced by test detonations, the fall- 
out has been visible during delivery. It had 
the appearance of dust or ashes in the air, as 
though a neighbor were burning newspaper or a 
small “‘dust devil’? had passed by and the sand 
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thrown into the air was returning to earth. 
Thus, it is probable that the condition of fallout 
will be apparent to the individuals receiving it 
and that the visible signs of its arrival may well 
be the first warning that exposed personnel will 
have. The science of fallout prediction is not 
too far advanced and the operational problems 
involved in disseminating warnings to large 
numbers of people may well prove insoluble. 

A word of caution is advisable here on the use 
of the standard Geiger—Muller instrument for the 
identification of fallout. This type of radiac in- 
strument, although widespread in industrial 


applications, is susceptible to saturation (with 


an accompanying lack of visible or aural indi- 
cation of radiation) by fields of comparatively 
few roentgens per hour. This can be most mis- 
leading and could cause grave danger to individ- 
uals if they did not realize the fact of fallout 
and take advantage of existing shelter. 

The visibility of significant fallout led to calcu- 
lations by the United States Naval Radiological 
Defense Laboratory (USNRDL) in San Fran- 
cisco which developed a measure of fallout 
quantity associated with radiation intensity ;” 
studies of nuclear tests suggest that about 25 mg 
of fallout material per ft? correspond to a nor- 
malized H It is easily 
seen that nearly | oz of fallout material is 
delivered per square foot for an H ~+- | intensity 
of 1000 r/hr, an intensity which may cover 


1 intensity of Ir/hr. 


hundreds of square miles from a megaton yield 
surface burst. 

Fallout presents a /~y-field of 
y-energy in the 0.6—0.7 MeV range. The decay 
scheme has been found to approximate Ji" = k 
.2. The widespread use 


average 


in its decay with n 
of H | hr as the time of normalization un- 
doubtedly results from this equation (sometimes 
referred to as Kaufmann’s equation) as k is seen 
to equal the intensity at this time. The assump- 
tion of this decay equation seems valid as a 
general rule regardless of target composition. 
Deviations have been seen in the test program, 
but these would become apparent from actual 
intensity readings under nuclear warfare con- 
ditions and appropriate corrections could be 
made at that time. 

This equation allows the development of our 
first rule of thumb. It is noted that doubling the 
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time from the burst results in an intensity reduc- 
tion to approximately one-half the original 
value. A further refinement is possible as the 
new value is found to be 10 per cent too high. 
Thus, an area reading 100 r/hr at H + 2 will 
read 45 r/hr at H + 4 (100/2 = 50, 50-10 per 
cent = 45), and should read 20 r/hr at H +- 8 hr 
(45/2 = 22, 22 — 10 per cent = 20). 

Total dosage calculations based on_ this 
equation reveal another rule of thumb useful in 
estimating the maximum dose that could be 
received by an unshielded individual remaining 
in the radiation field. The infinite dose or dose 
to infinity is determined as: 


* a0 


IT dt 


Jtz 


- Tat H +1, 


time of entry. 


then, 


Dose to ©o = I, 
vle 


= S Ith?” 
I = Tpty? 


Dose to oo 


Since 


Therefore 5 Tete 


Therefore, the dose to infinity from any time is 
seen to be five times the intensity times the time 
from the burst. (Time from the burst and 
intensity must be expressed in the same units: 
normally hours and r/hr are used.) This rule 
can also be used for estimating dosage for any 
time period by calculating the infinite dose from 
entry and the infinite dose from exit time and 
taking their difference. 

As a mnemonic device, this rule has been 
termed the FIT Forever rule; FIT being Five 
Intensity Time and the Forever referring to 
dose-to-infinity. When this rule is coupled with 
the 2,4,6 rule for acute effects, 


50%, sick, 
= 100% sick, 
- 100°% sick, 


200 r 
400 r 
600 r 


0°, death 
50°, death 
100% death 


rough hazard calculations can be made by 
relatively untrained personnel. 
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N =].2 

| Ta = H+2hr 
Tp =H+4hr 
7 Io =100r/hr 
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The integration technique for dosage calcu- 
lations, when based on an extrapolated or pre- 
dicted H +- 1 intensity for the area of interest, 
can also be used to determine the total dose 
received in any given interval of time and, witha 
little ingenuity, can be used to solve simple time 
of entry, time of stay problems based on a per- 
missible dose concept. This technique is beyond 
the capability of the average radiation monitor, 
however, and several techniques have been 
developed to help him with this 
problem. 

One of the most useful has been developed by 
the Chemical Section'®) of our Seventh United 
States Army in Europe and is shown in Fig. |. 
This device, called the Commander’s Radiation 
Guide, is a modification of a circular slide rule 
specifically for fallout calculations. The outer 
scales relate the intensity to the time since the 
burst according to Kaufmann’s equation for 
times from H + 15 min to H + 120 days; the 
inner wheel and the color bands leading to the 
outer scale are an integrator for total dosages, stay 
time and time of entry problems. Additionally, 
two intensity readings with the time interval 
between readings can be used to match a non- 
standard (other than n= 1.2) decay rate for 
reasonable accurate short-range predictions or to 
find an “effective burst time’ for overlapping 
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fallout fields from two or more contaminating 
bursts. The Commander’s Radiation Guide has 
been widely disseminated in Europe, both in our 
forces and in the military and civil defense 
organizations of other NATO nations. 

Another interesting empirical rule of thumb 
for fallout has been developed at USNRDL 
relating the time of arrival of fallout to the time 
of peak intensity on the ground.“ Over a wide 
range of yields, it has been noted that the time 
of peak intensity is just double the time of arrival 
of fallout expressed in units of time since the 
burst itself. An area that starts to receive fallout 
at H + 2 hr will reach peak intensity at H + 4; 
one that starts receiving fallout at H + 34 will 
reach peak at H + 7, etc. This implies an 
actual intensity ys. time curve of the sort shown 
in Fig. 2, with the dotted line representing the 
intensity of the “packet” of fallout while it was 
still airborne. The dotted curve is based on the 
predicted H -+- | intensity for the area of inter- 
est; the time of arrival may either be actual or 
predicted, as most fallout prediction schemes 
furnish this information. 

Obviously, neither the Commander’s Radia- 
tion Guide nor the integration technique will 
give total dose received under these conditions, as 
both are based on the dotted curve. A simpli- 
fying assumption, shown in Fig. 3, that the 
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J a= H+ 2h 
| | Tp=H+4hr 
1 ——+-— To = 100 r/hr 
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actual curves coincide at the time of peak inten- 
sity and thereafter allows a good estimate of dose 
received. Dose during the period ¢, to t, can be 
calculated either by determining an average 
dose rate during the period or by assuming one- 
half of the dose calculated from the theoretical 
curve. The assumption of one-half the calcu- 
lated dose introduces a safety factor which may 
help overcome variations in the shape of the 
t, —t, curve and the 4a character of the radia- 
tion field during the delivery of fallout. It must 


be remembered that these results are merely 


predictions, they must always be verified by 


actual instrument readings and should merely 
serve as ‘best guesses”’ as to the expected radio- 
The state of the art of fallout 
prediction is not sufficiently advanced to allow 


logic al situation. 


complete reliance on prediction. 


NEUTRON-INDUCED y-ACTIVITY 


Ihe next most probable large area source of 


radiation under the conditions of nuclear war- 
fare is that of Neutron Induced Gamma Activity 

NIGA). It is well known that the neutron flux 
of a low air burst 


can irradiate the target area and 


too high for significant fallout 
produc tion 
induce significant y-activity in the target itself. 
This can result in a circular area exhibiting 
intensities in the hundreds of r/hr at H 4s 
This area is usually from } to } mile in diametet 
and is always far smaller than the area which 
would have been covered by fallout if the same 
yield weapon had been used as a surface burst. 

Decay rates may vary widely with soil com- 
position, but a simplifying assumption based on 
the widespread occurrence of sodium as a soil 
constituent as well as the short half-lives associa- 
ted with other soil elements allows the selection 
of a single half-life for representative calcula- 
tions which maintain a fair degree of accuracy 
in the prediction of future dose rates. 

Che reverse side of the Commander’s Radia- 
tion Guide (Fig. 4 been this 
activity and assumes a 1]4-hr half-life. No dos- 
age calculation wheel has been included, as the 


has based on 


assumption of an average dose rate is satis- 
factory for short time periods, up to 48 hr, and a 
rule of thumb regarding infinite dose suffices for 
longer periods. The rule of thumb results from 


PHYSICIST 


IN NUCLEAR WARFARE 


infinite dose calculations as follows: 
Since 
dN 


Noe kt or I Ie Kt 


Dose to « 


Ik ‘fe 
I Te"? 


Therefore Dose to « Ik 


For a 14-hr half-life, £ = 0.0495 or the infinite 
dose equals approximately twenty times the 
intensity at time of entry. 

Further investigation reveals that 90 per cent 
of this infinite dose is received in the first 43 hr, 
therefore assumption of this dose for time periods 
of 48 hr or more is certainly justified. Again, 
deviations from this decay rate will become 
apparent through monitoring, and modification 
of predictions can be performed as the situation 
develops. 

THE B-HAZARD 

Finally, consideration must be given to the 
p-hazard presented by these large area radiation 
sources. This hazard is of two types: Contact 
hazard and the so-called *‘f-bath” hazard. 

The contact hazard results from /-emitters 
deposited on the skin and allowed to remain 
there. These can produce severe local exposures 
with their associated skin effects. Ordinary 
hygenic procedures, normal personal cleanliness, 
will usually prevent these skin effects and thor- 
ough cleaning of the person should be routine on 
leaving a contaminated area. In an emergency, 
it is unlikely that the capability for mass moni- 
toring will exist, and “‘preventive maintenance” 
of the human body must be accomplished by 
meticulous attention to personal cleanliness if 
these effects are to be avoided. 

The f-bath hazard results from beta emitters 
within 5 or 10 yd of the individual acting as an 
area source. Acute effects of this type of radia- 
tion have been estimated by ALPEN“) (see 
Table 1). 

The f-hazard is normally subordinate to the 
y-hazard for two reasons: first, it is normally 
not a lethal problem; and second, the range of 
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Table | 


Estimated dose 
required in less Effect 
than | week 

rad 
No acute effects 
Moderate early erythema 
Early erythema (under 24 hr 
Severe erythema (under 24 hr 
Severe erythema (under 4 hr 
Immediate skin blistering 


00-600 
600--2000 
2000-4000 
4000—10,000 
10,000—30,000 
30,000—100,000 


f-rays is short compared to that of y-rays, so a 
much smaller effective source is involved. 
Certain situations can exist, however, where 
the f-hazard could be considered significant. 
These occur when the geometry of the situation 
removes a large part of the y-source without 
affecting the /-source. Since instruments 
found in the field are not normally calibrated 
for f-rays but merely give an indication of its 
presence through a /-window, the reduced 
y-reading found in these conditions could lead 
to the false assumption of a correspondingly low 
f-intensity. ‘These situations could include: 


(1) A city street, the high vertical building 
walls effectively removing the y-field. 


A shipboard, or seaside, situation with 
dilution of the y-sources beyond the 
effective /-range. 

A truck or large piece of equipment 
removed from the contaminated zone. 
This situation could result in a f-hazard 
for maintenance and repair personnel. 


Shielding against the y-and /-components of 


é 
fallout is no different than the normal shielding 


problems of everyday health physics so no 


particular discussion will be made of this facet of 


protection. A rule of thumb exists for the 
y-energies found in fallout which states: lin. of 
steel is as good as 4 in. of concrete or 5 in. of dirt. 
This is called the 1,4,5 rule for y-shielding and is 
of some help in the training of monitor 
personnel. 

It is immediately apparent from a considera- 


tion of the geometries associated with infinite 
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plane sources that a below ground position 
affords the best natural shielding. A simple 
shelter in the basement, stocked with food and 
water for 3 or 4 days occupancy, may well be all 
that is required for survival and, at any rate, will 
greatly increase the survival potential of the 
occupants. Food and water are essential as the 
complex mechanisms of food delivery to major 
centers of population may well break down under 
emergency conditions and severe food shortages 
could result until the disaster control organiza- 
tion becomes fully effective. 


SUMMARY 

The problem of health physics in nuclear 
warfare requires work with mixed isotope 
sources at survival levels of exposure. The 
health physicist must shift his thinking to this 
type of situation if he is to be of maximum value 
in an emergency period. 

Several rules of thumb have been discussed: 


For fallout 


(1) Double the time is half the intensity, 10 
per cent too high. 

(2) FIT Forever. 

(3) Time peak 
arrival. 


intensity is twice time of 


For NIGA 
(1) Infinite dose is twenty times intensity at 
entry. 


For both sources 
(1) 2,4,6 rule for acute effects. 
(2) 1,4,5 rule for shielding. 


Additional guide lines 

(1) No fallout prediction system is sufficiently 
accurate to warrant movement to or from a 
specific area based on the prediction alone. 

(2) Passive defense is the best course of action 
during the delivery of fallout. Usually, it will 
be the best action until after the completion of 
the initial rapid decay of intensity, i.e. 2 or 3 
days. 

(3) Panic must be avoided at all costs. Your 
own home shelter is your safest location. 
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Abstract—A complete investigation of the radiation doses received by individuals exposed to 
radiation in the Yugoslav accident on 15 October, 1958, has been completed, using modern 
techniques of dosimetry. The zero power reactor was operated at low power levels to determine 
the ratio of y-ray to neutron dose at various locations near the reactor. These measurements 
were made with special counting methods, one of which measured the neutron dose in the 
presence of y-rays, and the other measured the y-dose in the presence of neutrons. The reactor 
was operated at a higher power level for a short time to determine (a) the neutron dose by 
means of threshold detectors and (b) the relationship between neutron dose and Na*4 activation 
in man-shaped phantoms. A computational program gave theoretical results for the same 
three quantities, i.e. the neutron spectrum, the y—neutron ratio, and Na*™* activation. The 
results of theory and experiment are in good agreement. 

Final results for the individual doses are shown in Table 7. In this table the charged par- 
ticle dose refers to the first collision dose due to recoils from fast neutrons and includes the dose 
delivered by the nitrogen n-p reaction. The second dose column gives the maximum dose 
obtained for the hydrogen capture y-radiation produced in the phantoms. ‘The external gamma 
dose based on the measured y—neutron ratio is shown in the third column, and the total doses 
are given in the last column. Of the seven persons investigated, the highest dose received 
(individual V) was 436 rads and the lowest dose was 207 rads. The doses previously estimated 
were reported in rem units, showing for individual V an estimated value of 210 rems for the 
neutron dose and 630 rems for the y-dose, or a total exposure of 840 rems. 


1. DESCRIPTION OF THE ACCIDENT stances leading to the incident and of the reactor 


itself are described in the publications"-”) from 
the Boris Kidrié Institute. 

Following a brief period of hospitalization in 
Belgrade, the six patients were transferred to the 
Foundation Curie in Paris, and placed under 
the care of Dr. H. JAmMmMer. A summary of 


Tue radiation accident” which occurred at the 
Boris Kidrié Institute on 15 October, 1958 
resulted in heavy exposure of six young scientists 
to a mixture of neutrons and y-radiation during 
the course of a subcritical experiment with a 
zero power reactor. The reactor® was con- 


structed with natural uranium rods suspended 
in a large tank which could be filled to various 
depths with heavy water, and was primarily 
intended as a combined training and criticality 
research facility. Further details of the circum- 


* Appendix E is by J. W. Sarr, United Kingdom 
Atomic Energy Authority, Harwell, England. 

+ Operated by Union Carbide Corporation for the 
U.S. Atomic Energy Commission. 


clinical observations, patient management, and 
dose estimates is described by JAmMMert et al. 
These dose estimates, from 1000 to 1200 rems 
for the highest exposure and from 300 to 500 
rems for the lowest, placed five of the six 
individuals into a range of exposures which is 
considered to be above the lethal (LD-50) level. 
It is reported) that the hematological obser- 
vations tended to confirm the physical dose 
estimates. Following these observations the 


180 DOSIMETRIC INVESTIGATION OF 


highest exposed individual (V) was given fetal 
bone marrow on 11 November, and the four 
patients having the next highest exposures were 
given bone marrow from adult donors at various 
times between 11 November and 20 November. 
All of the patients except V recovered. 


2. METHODS OF DOSIMETRY 


The methods of dosimetry used to investigate 
the doses received by the individuals exposed in 
the Yugoslav accident were essentially those 
used in connection with the Oak Ridge Y-12 
accident.:®) An outline of the general scheme 
follows. When fast enter the 
human body most of these are moderated to 


IS as neutrons 
therina! energy and a small fraction of these are 
captured by a (n, process in the Na*’ in the 
body giving rise to Na** which, by virtue of its. 
emission of high-energy y-rays with a radio- 
active half life of 14.8 hr, is easily detected. 
It has been shown (Hurst e¢ al.®, Fig. 1) that 
the probability of neutron capture to make Na*4 
is not a strong function of the energy of the fast 
neutrons and that the probability of capture for 
neutrons in the fast region is higher than the 
probability of capture in the thermal region. 
Thus the uniform distribution of Na** in the 
human provides an excellent means 
of normalizing the neutron 
individual. In particular, for a given neutron 
energy spectrum the fast neutron 
proportional to the ratio Na*4/Na*’ in the body 
or in the blood system. This method of normali- 


body 


exposure of an 


dose is 


zation is quite important in the dosimetry of 


radiation accidents since no assumptions need 
be made about the exact location of an indi- 
vidual at the time of the energy release. The 
importance of this fact can be made clear by 
reference to the Y-12 accident’) where it was 
shown, by calculating the neutron dose based on 
the known number of fissions and the stated 
location of the individual, that one of the surviv- 
received a 
Thus 


ing individuals would have dose 
several the lethal little 
credence can be placed in calculations requiring 


times value. 
such assumptions. 

More specifically, the determination of the 
neutron dose, D,, and the y-dose, D,, may 
be obtained from three quantities, (D,,/a),, 
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(D./D,,)., and a, which are related as follows: 
D,, (D,,/a 
D. (D,/D,). x D 


a 


n 


where the quantity (D,,/a), is the neutron dose 
per unit sodium activation which is characteris- 
tic of the type of source and the exposure 
conditions, a is the measured amount of sodium 
activation within the individual, and (D,/D,,), 
is the ratio of y-dose to neutron dose which is 
characteristic of a given source and set of 
exposure conditions. In both the Y-12 and 
Vinéa accident investigations the quantity 
D,,/a), determined by two methods, 
experiment and theory. The experimental 
method at Vinéa consisted of measuring the 
neutron dose (with a Radsan fast neutron 
dosimeter?) required to produce a given amount 
of activation in a plastic man-shaped phantom 
filled with an aqueous solution of NaCl. The 
ratio (D./D,),. was determined with two types 
of y-dosimeters,**®) and the Radsan neutron 
The quantity @ was based on the 


was 


dosimeter. 


Na*4 analysis reported by JAMMeET ef al. As a 
supplement and check on the experimental 


procedure, the quantities (D,,/a), and (D,/D,,). 
were calculated for the zero power reactor. In 
addition to the quantities D, and D,, it is 
desirable to determine the neutron spectrum 
N(E). This was done by calculation and by 
experiment using the series of threshold detec- 
tors") developed for this purpose. 


3. EXPERIMENTAL INVESTIGATIONS 

To accomplish the measurements indicated 
above, the zero power reactor (Fig. 1) was 
operated in two different ranges of power level 
which for convenience will be referred to as 
“low” power and “‘high”’ power. Fig. 2(a) shows 
the general location of the dosimetry equipment 
for the low- and high-power runs. The LPS 
stations show locations where most of the dose 
measurements were made, the V.T. and H.T. 
represent, respectively, locations where vertical 
and horizontal traverses were made with Au 
and S detectors during the high-power runs. 
Figs. 2(b) and 2(c) show the location of the 
phantoms for high-power runs at | kW and 
5 kW, respectively. To facilitate intercompari- 
obtained from the two types 


son of data 


Fic. 1. Zero power reactor. 


Fic. 3. Mounting arrangement for the low-level dosimeters. 


Fic. 4. The four plastic phantoms—Calvin, Remab, Tyrone and Bomab. 
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Fic. 2(a). Dosimetry station locations in reactor room. 


of operating conditions, a sulfur pellet was 
placed at a convenient location on the side of 
the reactor tank before each run. 


. + 


The ratio of y-dose to fast neutron dose was 
measured at some of the positions shown in 
Fig. 2(a), using the equipment mentioned above 
(mounted as shown in Fig. 3) and with the 
reactor operating at a power level of approxi- 
mately 5W.* The results of the directly 
measured ratio, D,/D,, are shown in Table | 


Low-power experiment 


* Private communication with D. Popovic indicated 
that the power calibration in the initial run yielded a 
figure approximately 0.56 times the value quoted here. 
This correction factor applies to all power levels quoted in 
the remainder of this report. 


6 


Table 1. Experimental values for D,,/D,, at various 
positions 


Neutron dose per 
unit monitor 


(rad/n cm? 


Position 


(LPS no. D,|D,, 


Lio x. & 
0.90 « 10 
0.75 x 10 
0.66 «x 10-6 
0.64 x 10 
0.54 x 10 
0.86 x 10 
0.72 x 10 


with Radsan, per unit monitor flux density 
(i.e. sulfur neutrons/em*). The final D,/D,, 
values for the various positions are based on the 
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Fic. 2(b). Dosimetry stations and phantom locations in reactor room. 


counting method of y-ray dosimetry described 
by Wacner and Hurst), The carbon—CO, 
chamber‘®) used in this experiment gave results 
which were 1.3 times the dose values obtained 
with the counting method, but later studies with 
the carbon—CO, chamber at ORNL showed that 
it has an appreciable response to thermal 
neutrons. 


3.2. High-power experiment 

With the reactor operating first at 1 kW, then 
at 5 kW, two types of measurements were made, 
and Na?4 
phantoms. ‘The 


spectral measurements were made with threshold 
(10,11) 


neutron spectrum measurements 


activation in man-shaped 


detectors located at various positions 


stations). The results obtained for Stations 1, 9 


Table 2. Experimental information on neutron spectrum 
ratio of flux above threshold of various detectors to total 


Sast flux) 
| Boris Kidrié (ZPR) 


-_ | 
Threshold | threshold energy 
detector 


Y-12 
—| excursion 
Sta. 10 

1.00 

0.35 

0.19 

0.090 

3.87 


Sta. 9 


1.00 
0.35 
0.18 
0.088 
3.63 


0.094 
3.91 


and 10 are shown in Table 2, where comparison 
is made with the spectral data obtained for the 
Y-12 excursion with the same type of detectors. 
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Fic. 2(c). 


Sodium activation data were obtained by 
locating phantoms (Fig. 4) at the positions 
shown in Fig. 2(a). During the 1-kW run the 
phantoms were located as shown in Fig. 2(b), 
and during the 5-kW run they were as shown in 
Fig. 2(c). The phantoms were filled with an 
aqueous solution of NaCl at a concentration of 
15.7 mg Na* per gram of solution. After 
irradiation the sodium activation, a (in units of 
uc Na*4/mg Na?%) was determined according 
to the technique described in ORNL-2748A.0”) 
From the data obtained during the low-power 
experiment, Table 1, and by normalizing the 
relative exposure in some cases by means of the 
activation of sulfur pellets placed on _ the 
phantoms, the neutron dose received by the 
phantoms was obtained. The results of (D,,/a), 


Dosimetry stations and phantom locations in reactor room. 


Table 3. Neutron dose per unit sodium activation for man- 
shaped phantoms exposed at the zero power reactor 
(D,,/a), (rad wo-4 mg Na 
Phantom 
5-kW run 
7.73 x 10° 
3.13 x 104 
~ 104 


1-kW run 


x 104 

‘ 104 

Calvin 2 x 104 
Grand average 


8.1 
rf 


are shown in Table 3, where each entry corre- 
sponds to the weighted average value of a for all 
the compartments of the phantom. Further 
experimental data are given in Appendices A, 
B, C and D. In particular, Appendix B justifies 
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the particular way in which the phantoms were 


used in this experiment. 


4. THEORETICAL INVESTIGATIONS 

In this section a description will be given of 
the methods used in calculating neutron and 
y-leakage from the Boris Kidri¢é zero power 
reactor in the critical and near-critical state. 
The methods used are entirely theoretical in the 
sense that they rely not at all upon measure- 
ments which were made at Vinéa. Multiple 
scattering of leakage radiation in walls and 
structure of the reactor building are neglected 
and only direct leakage of neutrons and y-rays 


from the assembly is considered. As shown 


below by comparison with experimental data, 
this approximation is surprisingly good, although 


the may be fortuitous in some 
particulars. 

The quantities presented are: (1) N,(£), the 
neutron leakage spectrum; (2) D,(£), the 
neutron first collision dose leakage spectrum; 
3) D,,/a, the ratio of the total first collision dose 
received by an idealized phantom to the Na*4 
activation generated in the phantom by the 
leakage spectrum incident upon it; and (4) D,, 
the y-ray first collision dose leaking from the 


agreement 


reactor due to the fission process and due to 
various neutron capture processes occurring in 
and around the reactor. 

The method of computing neutron leakage 
which has been used in this work is the multi- 
An existing criti- 

IBM-704 which 


leakage in 


group-diffusion approach. 
written for the 
neutron 


cality code 
automatically 
several energy ranges has been employed. The 


computes 


computing time for this code is quite modest for 
most systems. y-Ray leakage is treated by 
special IBM-704 codes. The method uses known 
y-ray cross-sections and build-up factors to 
calculate attenuation kernels for the particular 
medium under The radiation 


field at various points inside or outside the 


consideration. 


assembly is then computed by summing over 
source points in the best 
estimates available for the y-ray spectra of the 
The spatial distribution of 


assembly, using 


various sources. 
fissions in the assembly is obtained from the 
neutron leakage runs and is used in the y-leakage 


calculation. 
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4.1. Neutron leakage spectrum 

The method which was employed to calculate 
the neutron leakage spectrum from the Vinéa 
reactor is based primarily upon the use of a 
multigroup, multiregion reactor analysis code“) 
for the IBM-704. The basic equation solved by 
the code is the multigroup-diffusion approxi- 
mation to the Boltzmann transport equation. 
The program approximates the differential 
equation by a difference equation and allows as 
many as 250 space points and forty-four energy 
groups in the solution of the resulting equations. 

Since the Boris Kidrié reactor uses a lattice 
spacing which is quite small (12 cm) compared 
with the outside dimensions of the reactor, it 
should be a good approximation to consider an 
equivalent homogenized reactor.“# The unit 
lattice cell was taken to be cylindrical with a fuel 
rod atits center and containing the same quantity 
of D,O as the real unit lattice cell. A preliminary 
multigroup calculation of the distribution of 
flux inside this cell was made, using the boundary 
condition of zero total current at the outer 
boundary of the equivalent cylindrical cell. 
Homogenized multigroup cross-sections were 
computed using the calculated flux distribution 
as a weighting function. A multigroup cal- 
culation of the escape spectrum for the entire 
reactor was then made with these cross-sections, 
assuming that a l-cm layer of aluminum 
surrounded the volume. Fig. 5 shows a plot 
of the multiplication factor, k, of the assembly as 
a function of height. On the same graph is 
shown the total neutron leakage per fission 
neutron in the core as a function of height. One 
sees that this calculation predicts a critical 
height of approximately 185 cm, compared with 
the experimental value of 177.6 cm. It is felt 
that the agreement is sufficiently accurate for 
our purposes, since the neutron leakage varies 
by only approximately 4 per cent over the range 
of heights. It is possible that back-scattering of 
neutrons from the tank supporting members and 
from the walls of the room might well account 
for the difference between experimental and 
calculated values of the critical height. These 
results also show that there is negligible difference 
between neutron leakage per fission neutron in 
the critical state and in the delayed super- 
critical state which occurred at the time of the 
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accident. Estimates of the kex = k — 1 appro- 
priate to the excursion" show that kex ~ 10-3, 
According to Fig. 5 the neutron leakage per core 
neutron at this value of kex is only approxi- 
mately 2 per cent different from that in the 
steady state.* Hence, this difference will be 
neglected in the remainder of this calculation. 
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conveniently represented in this way since the 
number of neutrons escaping between any two 
energies is just proportional to the area under 
the portion of the curve between these energies. 
The total fast leakage in this spectrum is 0.234 
neutron per fission while the leakage in the 
thermal group is 0.157 neutron per fission. 


101r 


Fic. 5. Multiplication factor and _ total 
neutron leakage as a function of height. 
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Fig. 6 shows the neutron leakage spectrum 
calculated for the reactor at the critical level.t 
The quantity plotted in the ordinate is EN(£), 
and the abscissa gives both the energy F and the 
lethargy u = In{10/E(MeV)]. The spectrum is 


* A change in the leakage per fission neutron with k 
would not, by itself, affect the result of this dosimetry study. 
A radical change in the neutron spectrum, on the other 
hand, would produce a change in the ratio of D,/a and 
would mean that experimental work with a steady operat- 
ing reactor would not be comparable with conditions 
obtaining during the accident. However, comparison of 
the calculations at different values of k indicates negligible 
change in the spectrum between the two reactor states. 

+ This spectrum is somewhat different in the low energy 
range from a preliminary result given elsewhere.”® 
Improved values of the homogenized multigroup cross- 
sections were used in the present calculations. 


NEUTRON LEAKAGE /CORE NEUTRON 


50 ‘160 

The first collision dose spectrum for neutrons 

The factor Dy(£) is the first 
? co 


D,(E) 


is shown in Fig. 7. 


collision dose per unit neutron flux.“” 
#0 
N(E) dE is found to be 4.37 x 10-™ rad cm?/ 
core neutron. 
To make possible a comparison with experi- 
mental measurements of D,, a calculation of 


(° co 
(D,.)r Dradsan(Z) N(E) dE was carried out. 


0 
Daasan(E) is the dose measured by the Radsan 
fast neutron dosimeter at energy EF and is less 
than D,(E) at low energies due to bias losses. 
Values of Draasan(/) were inferred from the work 
of Wacner and Hurstr"®), The result of this 
calculation was (D,,)p = 3.12 x 10-" rad cm? 
per core neutron. 
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Fic. 6. Escape neutron spectrum. 
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Fic. 7. Neutron dose spectrum from reactor. 
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In order to calculate a, the Na** activation 
induced in a man exposed to the calculated 
spectrum, use was made of approximate results 
for §(£),‘© the capture probability at thermal 
energy per unit flux of neutrons incident normal 
to the axis of a circular cylinder of 15 cm radius. 
Using the function §(£), the quantity (D,,) p/a 


was calculated from 
= 3) 


(D,)z D,(E) N(E) dE 


a 


= 1,12 x 10u-— 
| E(E) N(E) dE 
/0 


” rad 
uc g of Na*8 
= 7.2 x 104 rads/uc (mg Na)! 


and compares favorably with the average value 
of 8.65 x 104 rads/uc (mg Na)! obtained with 
the phantoms (see Table 3). 

The multigroup computation of the leakage 
spectrum takes into account the neutron 
distribution in only one spatial dimension and 
introduces an artificial absorption to account 
for leakage transverse to the direction in which 
computation proceeds. Within the framework 
of multigroup diffusion theory, one may take 
into account the dependence of the leakage flux 
with direction with respect to the reactor axis.“ 
This has been done in the comparisons given in 
Table 4. 

Other comparisons can be made between the 
experimental determination and the calculation 
of the leakage spectrum by use of the activation 
of the threshold detectors which were exposed 
during the work at Vinéa. Table 5 shows a 
comparison of various ratios calculated from the 
spectrum given above with experimental deter- 
minations of these ratios. ‘The experimental 
values represent station averages. The quantity 
¢>x, represents the neutron flux lying above 
the effective energy threshold of E, MeV in 
the case of various detectors. The quantity 
47R*(D,,)p/F was obtained from the experi- 
mental data by employing the Radsan-measured 
neutron dose rate together with the fission rate, 
F, occurring inside the assembly. The fission 
rate was obtained from a power calibration 
performed by the Yugoslav experimenters.”® 
For the purpose of comparison with experiment, 
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y-Source Peewee Pec : 
| Station | Station | Station 
| 


| | 10 


Prompt fission 
U238(n,y) U239 
capture 
Moderator capture 
Tank 2nd structure 
capture 
Fission products 
during experiment 
Total dose during 
experiment 
Fission products 
during accident 
Total dose 
during accident 


Dose ratios 
(r/rad) 


Dy/(D,,)z calculated 
for experiment 
Dy/(D,,) , measured 

for experiment Be ; 4.2 
Dy/(D,,)z calculated 


for accident 


3.00 3.40 


2.46 


(Dn) Radsan < 101 
(rad cm?/fission) 


2.88 2.78 


1.14 


Leakage neutrons 1.09 


the theoretical values have been corrected, 
approximately, for the non-1/R? variation of the 
dose at points in the neighborhood of the 
reactor. 


4.2. y-Dose leakage 

There are many sources of y-radiation in and 
around the reactor which should be considered. 
It will be seen that reasonably good estimates of 
the dose from most of them may be made. 
Although the uncertainties in these estimates 
are likely to be as much as 20 per cent, it is 
clearly worthwhile to make such calculations in 
order to understand better the physics of the 
accident. Each of the sources of y-radiation 
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Table 5. Comparison of calculated and experimental dose 
and flux ratios 
Ratios 


Experiment | Theory 


108 rad cm? 
1.6 
ed 


4rR®(D,,) p 
banat oe 0.90 


, (rad cm? 
1 | 
F 


fission 


Gold foil—cadmium ratio 


have been considered in turn with a detailed 
description presented in the Appendices. 
4.2.1. Prompt y-rays from the fission process and 


U239 process. The 


capture y-rays from the U8 (n, 3 
distribution in energy of prompt fission y-rays is 


taken from the work of MAIENSCHEIN et al.‘ 


The energy distribution of y-rays from the 
U*8(n, y)U*89 process is taken from the work of 
BARTHOLOMEW Hiccs*), In 
calculate the escape of these photons from the 
reactor, one must consider both attenuation in 
the uranium rods and in the D,O. Some 


simplifying assumptions were made in order that 


and order to 


leakage from this very inhomogeneous system 
could be estimated in a short 
computing time. For the purpose of calculating 
leakage the distribution of fissions in a given 
fuel rod was assumed to be flat in the radial 
direction and to depend only on position along 
the length of the rod. The attenuation of y-rays 
in the fuel rod in which they originate is 
accounted for, but their attenuation in other 
fuel rods is neglected. ‘This approximation 
should result in little error since the rods are 
small in diameter compared with the lattice 
pitch. ‘The computation proceeds by a numeri- 
cal integration of the product of the source 
strength and leakage probability for each 


reasonably 
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element in the source. The photon source 
distribution is obtained from the neutron 
criticality calculation described above. The 
attenuation of photons in traveling from a given 
source point to a field point outside of the 
reactor is calculated using tabulated photon 
attenuation coefficients?) and infinite medium 
build-up factors for the part of the path lying 
inside of the reactor. The error involved in 
using these build-up factors should be small in 
the cases which we shall consider. A more 
detailed description of the computational pro- 
cedure is given in Appendix A. 

The leakage probability is a function of the 
distance from the reactor and the angle which 
the vector to the field point makes with the axis 
of the reactor. The results for some of the 
stations are given in Table 4 and are expressed 
as 47R? (dose/fission) at the respective stations, 
where R is the distance from the center of the 
reactor to the various stations. 

y-Rays from fission products. The esti- 
mate of this contribution is uncertain owing to 
the fact that it depends to some extent upon the 
movement of the exposed persons after the 
reactor scram. In view of this uncertainty this 
fraction of the total dose received was approxi- 
mated. The attenuation kernel of fission 
product y-rays in the lattice was taken to be the 
same as that of prompt fission y-rays and further 
it was assumed that the first can be estimated by 
scaling the second according to the relative 
energy released in the two processes. Details of 
this estimate are given in Appendix B, and 
Table 4 shows the results for Stations 1, 9, and 10 
for two different cases: (1) at 15 min after the 
beginning of a steady power level run (in this 
case the dose values should be interpreted as 
r/sec per fission/sec); and (2) 4 min after the 
beginning of an excursion with a doubling time 
of 10 sec. The dose values refer to the total 
fission product y-dose received during the 
interval per fission occurring. 

4.2.3. y-Rays from capture in moderator and fuel 
cladding. The thermal utilization, f, for the 
reactor was calculated by multigroup methods 
to be 0.9865 for an assumed concentration of 
0.16 per cent H,O in the moderator. Assuming 
that all of these captures occur in hydrogen 
nuclei and noting that c, the moderator capture 
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probability per fission in the critical state, is 
equal to (1 — f)/b, where 3 is the ratio of fission 
to total capture probability in the fuel, it follows 
that 
1—f 0.0135 
b 0.543 


0.0349 moderator captures/fission 


A calculation of the leakage of hydrogen 
capture y-rays from the homogenized reactor 
gave ~ 0.5 « 107!° rad cm?/fission for the three 
stations considered (Table 4). The same 
multigroup calculation showed the capture 
probability in the aluminum cladding around 
the fuel rods to be 0.00642 captures per total 
capture. The dose due to this source would be 
expected to be even smaller than that due to 
captures in the moderator, especially since 
attenuation of these photons in the fuel rod 
should make the effective source strength even 
smaller; thus it has been neglected in Table 4. 

4.2.4. y-Rays from capture in tank walls and 
supporting structure. This source of photons is 
difficult to estimate accurately because of the 
very complicated configuration of materials, 
chiefly aluminum, in the immediate neighbor- 
hood of the assembly. A rough estimate, 
assuming that the structural aluminum may be 
considered equivalent to a 2-cm layer enveloping 
the whole reactor, gives 3  10~! rcm?/fission 
in the region around the reactor. 

4.2.5. y-Rays from capture in walls and floor 
of reactor room. ‘This contribution is very difficult 
to estimate with any accuracy and hence was 
not considered. 


4.3. Discussion 


The chief uncertainties in the estimates given 
above are: (1) use of infinite medium build-up 
factors rather than those appropriate to a finite 
medium; (2) neglect of photon attenuation in 
rods other than that on which a given photon 
originates; and (3) neglect of photons from 
neutron capture in reactor room materials and 
in air of room. The net uncertainty in the 
calculation is estimated to be ~ -+- 20 per cent. 
The ratio of the y-doses during the accident to 
corresponding doses during the experiment, /, 
should be more accurate than this and con- 
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sequently this ratio will be used to correct the 
experimental data. 

Table 4 also shows the neutron dose, 
(D,,)raasan at the three stations considered. 
These values were estimated by taking into 
account the angular distribution of radiation 
leaving the reactor and correcting for the finite 
size of the reactor by using a radiation center 
displaced 0.8 m toward a given station from the 
center of the reactor. Also shown in this table 
are the values of D,/D,, inferred from the above 
estimates and a comparison of these values with 
those measured during the experiment. 


5. ASSIGNMENT OF INDIVIDUAL DOSES 

In previous evaluations of dose received by 
man, the usual procedure has been to evaluate 
the first collision dose for both neutrons and 
y-radiation. That procedure was followed 
because of the difficulty of specifying a dose 
within the body which would have the desired 
radiobiological significance. This procedure has 
been justified on the basis that if the first collision 
doses are determined along with certain 
additional exposure conditions (i.e. angular and 
spectral distribution of the incoming radiations) 
more elaborate correlations of medical effects 
and exposure doses may be carried out at future 
times when more detailed biological mecha- 
nisms are understood or are being tested. In the 
case of the Y-12 exposures, the first collision 
dose for y-radiation and fast neutrons and the 
neutron and y-ray energy distributions 
given. In the present case, however, it appears 
advisable to comment on the y-radiation which 
is produced by the capture of low-energy 
neutrons by the H(n, y) reaction. Based on the 
neutron spectrum (Section 4) and the calcula- 
tions by Snyper,‘**) it may be seen that the 
additional y-dose near the surface of a 30-cm 
slab makes an appreciable contribution to the 
total dose at that point. 

We separate the neutron exposure into two 
dose components, namely (1) the first collision 
charged particle dose made up of thermal 
neutron interactions of the type N'4(n, p)C!4 
and recoil atoms (H, C, N, O) from fast neutron 
interactions; and (2) the autointegral y-dose at 
the surface of the slab due to the H(n, y)D 
process. 


are 
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Data are not presently available which 
enable one to calculate the H(n, y)D autointe- 
gral dose for a realistic model of a man bom- 
barded with neutrons. However, there are 
data‘*®) on the autointegral dose in a slab due to 
normal irradiation by neutron beams of various 
energies. These data are conservative in the 
present connection, i.e. the doses obtained using 
these values will surely represent overestimates 
of the autointegral doses to a man and may be 
too large by a factor of 2. 


Table 6. Individual sodium activation and related data 


— Total Wt. 
Individual Na®#(nc 


(Phantom 


autointegral doses unit 
neutron flux in the case 
calculate the dose for the 
spectrum, shown in Fig. 6. The result was found 


to be 


The surface per 
used to 


neutron 


slab were 


whole 


[H(n, v)D autointegral dose], 
1.50(charged particle dose) ,; 
It may be seen that 
(charged particle dose) ; 


./ ta) _(W./W._)123 
(uc/mg Na),(W,/W, 


= particle dose to = 
uuc/mg Na in phantom 


where J refers to the individual case and 
( W,/W, 1/3 is a correction factor based on the 
weight W. From the experimental data ob- 
tained on the Na*# activation in the phantoms, 


Section 3, it may be seen that 


i particle dose to —) 


yuc/mg Na in phantom 
- 1.40 x 8.65 x 104 rads/uc mg 


where the factor 1.40 is a correction for the 
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energy lost under the bias of the neutron 
dosimeter, as derived in Section 4. 
The first collision y-doses (external doses) for 


the individuals may be expressed as 
3.6 

Bp.) = enone 

(D,)a,v,2 14 
4.1 


“14 


0.82 (charged particle dose), 


(D,)av,u * x 0.82 (charged particle dose), 
where we have used the results of Table 1 for 
the quantities D,/D, most appropriate to the 


Na*# 7 y « 
(uc/mg Na) (W,/W,)} F 
1.00 
1.08 
1.03 


individuals, and the factor 0.82 corrects the 
D.,/D,, ratios as measured in the constant power 
reactor experiment to the values appropriate to 
the intensity—time relationship for the accident. 

Table 6 shows the individual sodium acti- 
vation as reported by JAmMeET et al.), the 
weights of the individuals, and the magnitude 
of the factor (W,/W,)'. The individual doses 
as determined by the equations above are shown 
in Table 7. 

The main uncertainty in the dose values given 
in Table 7 is associated with the H(N, y)D dose 
component. As already stated, this value may 


Table 7. Individual doses (all values are in rad units) 


H(n, y)D External | 


y-dose | y-dose 


Charged 
particle 
dose | 


Individual Total 


158 
214 | 
189 


H 66 99 
V 89 133 
G 90 135 
M 87 130 209 
D 91 136 192 
B 45 67 | 95 
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be too high by a factor of about 2; however, 
even in this case, the total doses would be 
decreased only by about 15 per cent. The 
uncertainties associated with the other dose 
components are smaller; the standard devia- 
tions for the charged particle doses and for the 
external y-doses are estimated to be + 12 per 
cent and + 14 per cent, respectively. 

Work is now in progress on the study of Na*4 
activation in phantoms of various shapes and 
sizes and with neutrons of various energies. 
The question of biological elimination of Na*4 
is being investigated with living animals exposed 
at various dose levels. When these studies have 
been completed, it may be desirable to re- 
evaluate the individual doses received from the 
various radiation accidents, including the Y-12 
(Oak Ridge) accident and the Yugoslavia 
accident. 


APPENDIX A 


y-Dose Leakage Computations 
A.1. Computation of the leakage of y-rays 
originating in fuel rods 


The computation proceeds by a numerical 
evaluation of the following integral: 


d,(\p},0) 
47(|R — r|)? 


D,(R) = | drS(r) 


where R is a vector from the center of the 
reactor to the field point where the leakage dose 
is desired, r is a vector from the reactor center 
to the volume element dr where the y-source 
strength is S(r), p is the part of the vector R — r 
which lies inside the reactor volume, and # is the 
angle between R and the cylinder axis. The 
source distribution function S(r) is obtained 
from the neutron leakage calculation described 
above and is equal to the number of photons per 
fission times the normalized fission probability 
in the homogenized reactor. 

The dose attenuation kernel d,,(r) is calculated 
by summing over the distribution of energies 
present in the particular source after weighting 
each energy component by an attenuation 
factor which is calculated using known absorp- 
tion coefficients and build-up factors and a self- 


absorption factor to account for fuel rod 


attenuation. More specifically, 
d,(r,0) = § dEn,(E) 2(E) BLE, ru(E)] 
< e tHE) S(E, u,(E)a, 0) 


where r is the distance from an isotropic point 
source in an infinite D,O medium, Y,(F) is the 
first collision dose in rads/photon x cm de- 
livered by photons of energy F, u(£) is the mass 
absorption coefficient of the medium for photons 
of that energy, and B[(£), ru(£)| is the build-up 
factor for photons in the medium. We have 
chosen to use infinite medium build-up factors 
even though the systems are bounded.?” The 
error incurred in making this approximation 
should be approximately 10 per cent. 

The self-absorption factor S(E, u,(E)ap, #) is 
calculated by carrying out an integral over the 
cross-section of the rod at radius dp, using 
attenuation coefficients, “,(£), appropriate to 
natural uranium at the energy /, and taking 
into account the angle # which the direction of 
observation makes with the axis of the rod. 
Build-up factors for the part of the photon path 
lying inside the rod were taken to be appropriate 
to the same distance, measured in g/cm?, in the 
D,O medium, as suggested by GoLpsTEIn and 
Wiikins™), As mentioned in Section 4.2.1, 
rod attenuation of photons not originating in a 
particular rod is neglected, since the rod radius 
is small in comparison with the lattice pitch. 

Fig. 8 shows a graph of the attenuation 
kernel for the prompt fission y-spectrum for the 
case of no rod absorption and for a natural 
uranium rod | in. in diameter viewed at various 
angles with respect to the rod axis. Note that 
the curve labeled # = 14.5° is probably too 
small in magnitude since the simple ray path 
length approach used here will surely break 
down at grazing angles relative to the rod axis. 
A “short circuiting”’ effect will become impor- 
tant, i.e. photons emerging from the rod in 
directions nearly perpendicular to the axis may 
make collisions on D,O molecules which will 
deflect them into directions nearly parallel with 
the rod axis. These photons may contribute in 
larger quantity than those taking longer paths 
through the rod. However, small values of # are 
not required for the calculation of doses to any 
of the stations measured in the experiment. 

Table 8 shows values of 47RD, vs. R for three 
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ROD DIAMETER = 254 cm 


NO ROD ABSORPTION 
dy(r, @) 0 
rom2 
fission 


Fic. 8. Attenuation kernel for 
y-ray spectrum. 


prompt fission 


fe g/cm? 


Table 8. Dose due to prompt fission y-rays as a function of distance from reactor 


4nR*D, ‘r cm?/fission) 


90 


10 10 
10~10 
10 10 
1Q~-10 


NO NO KO HO 


different viewing angles, ?, and for the prompt 


fission y-source distribution. 
A.2. Estimate of fission product y-contribution 
to the total dose 


The rate of energy release as photons by 
fission products may be taken to be the following 
function of time :(°® 
8 0.62 - — 

Ele —— Me\ jsec fission 
1+t 
1000 sec. 


where ¢ is in seconds and ¢ - For 


30 o 14.5 


10 0.795 
10 0.743 
10 0.715 
10 0.697 


10-10 
10-10 
10 10 
19-10 


comparison, the total photon energy released in 
prompt fission was taken to be 7.2 MeV.® 

First, R,, the ratio of photon energy released 
per unit time by fission products to the prompt 
fission rate at the end of approximately 15 min 
of steady operation is given by 


l 


amen te 
7.2 Me\ 


“900 dt 


0.62 ad 
MeV ~ —< In 900 = 0.586 
tz 


Jo Lt 
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and this ratio should apply at the time measure- 
ments of the y-dose rate were made during the 
experiment. 

Next, R,, the ratio of total photon energy 
released by fission products in a time 7, during 
which the reactor is critical on a 10-sec doubling 
time,* to the prompt fission y-energy released 
may be shown to be 


ae . 0.62 
7.2 MeV © t)(1 — e-7!*) 


T a] 
I eT In (1 +t — 1) dr 
0 


where ¢, = 10 sec/0.693. For an operating time 
T of 4 min,®” the above expression is closely 
equal to 

= — eUTo FE, (1/ty) 

Numerical evaluation of these quantities, using 
values from the data of Rircutie et al.® gave 
the more accurate values of R, = 0.632 and 
R, = 0.219. 

The procedure used in estimating the dose 
from fission product y-rays was to assume that 
the dose attenuation kernel appropriate to this 
photon distribution is the same as that appro- 
priate to the prompt fission y-distribution. This 
should be a good approximation for our 
purposes.'*”) Using this assumption, the leakage 
calculation for prompt fission y-rays had only 
to be scaled by the factors R, and R, displayed 
above in order to obtain the quantities sought. 


APPENDIX B 


Studies of Na®4 Activation in Man-shaped 
Phantoms 


B.1. The Los Alamos burro experiment 

An _ experiment’®) was performed at the 
Godiva II reactor of Los Alamos Scientific 
Laboratory to determine whether a phantom 
composed of a thin shell filled with an aqueous 
sodium solution could be substituted for a live 


* Private communication with H. D. Brown and D. 
NEWBY. 


animal in studies of the relationship between 
neutron dose and Na** production in the 
irradiated substance. 

A live burro was placed in an aluminum tank 
which was then filled with NaCl solution and 
irradiated at 3 m, center to center, from Godiva. 
Samples of the burro blood serum and of the 
NaCl solution were prepared and the Na*4 
activities were determined. The burro was 
removed, the tank refilled with NaCl solution 
and an exposure made again at the same 
position. The NaCl solution was sampled and 
its Na*4 activity determined. During the second 
exposure the region in the tank which had 
previously been filled by the burro was filled by 
a homogeneous aqueous NaCl solution. The 
region was, of course, of the same size and shape 
when filled with NaCl solution as when filled 
with the burro. Ifthe amount of Na*4 produced 
(in the burro and the surrounding NaCl 
solution) by the first irradiation was, within 
experimental error, the same as that produced 
by the second irradiation (when only NaCl 
solution was present), then the production of 
Na*4 in a homogeneous phantom could be 
considered to be sufficiently quantitatively 
similar to the production of Na*4 from the Na*3 
heterogeneously distributed in a live animal that 
phantoms could be substituted for animals. 
Concentrations of Na*4 in the burro and the 
NaCl solution around it were weighted by the 
respective volumes and averaged, then com- 
pared to the Na‘ concentration in the full tank 
of NaCl solution, normalized to the same 
exposure dose. Relative difference in the 
amount of Na*4 produced by the two exposures 
was 2.9 per cent which is well within the 
probable experimental error; hence it was 
concluded that when a man-shaped phantom is 
filled with a sodium chloride solution, a good 
approximation to a man is obtained relative to 
sodium activation. 


B.2. Distribution of Na4 in phantoms irradiated at 
Vinéa 

Na*4 concentrations in the phantoms are 
listed in Tables 9 and 10. All concentrations 
are corrected to zero time (effective exposure 
time) and are expressed in wc Na*4/mg Na® per 


rad. Two tables are given because the two 
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Table 9. Na concentrations in molded phantoms 


Na*4 Concentration (uc Na*4/mg Na*4/rad) 


x 105 


Segment 


CalvinI | RemabI | TyroneI | Calvin II | RemabII | Tyrone II 


1.44 
ida 
1.28 
1.57 
1.21 
0.929 
1.04 
1.32 


1.44 
1.16 
1.60 
1.18 
1.54 
0.848 
0.842 
0.914 
1.12 
1.13 
1.34 


Head and upper torso 
Upper left arm 
Upper right arm 
Lower left arm 

Lower right arm 
Lower torso 

Gonads 

Upper left leg 

Upper right leg 
Lower left leg 

Lower right leg 
Average 1.09 


types of phantoms are segmented slightly 
differently; in both tables the numerals I and II 
after the name of the phantom indicate first 
and second high-power exposures, respectively. 
The molded plastic phantoms, in Table 9, were 
designated “‘Calvin’’, ““Remab” and ““Tyrone”’ ; 
the polyethylene bottle phantom, in Table 10, 
was called “‘Bomab’. The segments labeled 
“‘average’’ were averaged by mixing and 
sampling the total solution of each phantom. 


APPENDIX C 


Intercomparison of French and American 
Na*4 Calibration 


C.1. Summary of the Saclay Na** counting method 


The total amount of Na present in the 
bodies of the exposed persons was determined 
by the French group using a scintillation 
counter. The detector, a 1.5-in. x 1-in. sodium 
iodide crystal, was placed at the center of an 
arc of lm radius. The individual to be measured 
lay on the floor facing the detector and curved so 
as to fit just inside the arc. A _ twenty-five- 
channel analyzer was used in conjunction with 
this detector. As used, the response peak from 
Cs!8? »-rays was in the ninth channel and that 
from K* y-rays was in the twentieth channel. 
The activity measured in the six persons was 
known to be Na*4 from energy and _ half-life 


1.45 
1.82 
1.68 
1.91 
1.84 
1.01 
1.07 
Lao 
1.26 
1.69 
1.63 


| 1.38 

1.65 
1.45 
1.77 
1.36 
0.875 
1.85 
1.22 
1.27 
1.39 
1.38 


1.24 1.28 


considerations. The equipment was calibrated 
with a polyethylene bottle containing Na? 
solution of known activity. This bottle was 
moved along the inside of the arc to measure the 
angular dependence of the response of the 
detector. The size of the bottle (15 cm diameter, 
25 cm height) was chosen such that the ratio of 
counts in channels 1—5 to the counts in channels 
16-18 was approximately the same whether the 
activity in the bottle or the activity in the persons 
was being measured. 


Table 10. Na*4 concentrations in bottle phantoms 


Na*4 Concentration 
(uc Na*™4/mg 
Na?3 per rad) » 


Segment 10° 


Bomab II 


Left arm 

Right arm 
Upper torso 
Lower torso 
Upper left leg 
Upper right leg 
Lower left leg 
Lower right leg 


Average 
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C.2. Studies of the Saclay Na** counting geometry 


In order to confirm the method of calibration 
of the equipment used to measure the Na*4 
activity of the exposed individuals, an experi- 
ment was performed at ORNL using a similar 
crystal, 1.5-in. x 1-in. sodium iodide. A molded 
plastic phantom (Remab) and the bottle 
phantom (Bomab) were filled with a homo- 
geneous aqueous solution of Na*4 of known 
concentration. The Na*4 y-ray activity of the 


Table 11. Relative counting efficiency for Na*4 in a bottle 
and in phantoms 


Relative counting efficiency 
Energy 


(MeV) 


Remab | Bomab 


| Bottle 


0.366 

0.66 

1.16 
0.366/1.16 


phantoms was measured using the same geom- 
etry as had been used to measure the Na*4 
activity of the exposed persons, i.e. the crystal 
was at the center of an arc of 1 m radius, and the 
phantom was positioned inside the arc, lying on 
its side on the floor. 

The counting efficiency of this geometry was 
compared to the counting efficiency determined 
by placing a polyethylene bottle, 15cm in 
diameter and 25 cm in height, filled with Na*4 
solution at various positions inside the l-m arc. 
The response of the crystal was found to be 
independent of the position of the bottle along 
the arc. Integral measurements were made at 
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energies of 0.366, 0.66 and 1.16 MeV. The 
ratio of the count rate at 0.366 MeV to the count 
rate at 1.16 MeV was found to be the same for 
the two phantoms and for the bottle. The 
results of this experiment, normalized to the 
counting efficiency for Na** in the bottle, are 
given in Table 11. 


C.3. Direct intercomparison of Saclay and 
Oak Ridge Na** counting methods 


In order to compare the calibration of the 
French equipment used to measure the Na*4 in 
the bodies of the exposed individuals to the 
calibration of the ORNL equipment used to 
determine the Na? concentration in the 
phantoms, average samples of Calvin II, Remab 
II and Tyrone II solutions were prepared and 
sent to Paris for Na*4 measurements. The 
results of the French analysis were communi- 
cated to us by H. JAmmet and L. JEANMAIRE on 
31 May, 1960. An additional solution sample 
which had been prepared by dissolving irradi- 
ated solid NaCl was included in order to obtain 
a higher disintegration rate. Activity con- 
centrations of the solutions are listed in Table 12. 


APPENDIX D 


Study of the Neutron Flux Distribution in the 
Vinéa Reactor Room 


In order to document neutron data previously 
given, some of the data from the two high-power 
runs at Vinéa are shown in Figs. 9 through 16. 
The data presented are from the secondary 
stations consisting of sulfur, gold and cadmium- 
shielded gold. Locations of the various stations 


are shown in Fig. 2. 


Table 12. Cross calibration of French and ORNL equipment for measuring 
Na*#! concentration 


Solution 


Calvin IT 
Remab II 
Tyrone II 
Solution from solid NaCl 


ORNL value | 
(uc/ml) 


| French value | ORNL value 


x 103 | (uc/ml) x 10% | French value 
| 
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Fic. 15. High-power run no. 2: vertical 
traverse through VT. 
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APPENDIX E* 


Neutron Measurements with a Tissue-equivalent 
Phantom 


Abstract—-Measurements made through a 


phantom with fast and slow neutron detectors. These 


were 


measurements are the basis of a method of dose 
determination at present in its experimental stages. 
Che Vinéa results are therefore presented only to 
indicate the relative contribution from back-scattered 


neutrons. 


E.1. Apparatus 


The phantom used was a }-in. thick Polythene 
container, 60 cm high of elliptical cross-section, 
with a major axis 36 cm and minor axis 20 cm. 
This was filled with an approximately tissue- 
equivalent liquid (6.24 1022. atoms/cm? H, 
0.669 107" atoms/cm? C, 0.169 
cm?® N, 3.25 107° atoms/cm?® QO). 

A light but 
Perspex supported a series of small detectors 
to the 
normal in both horizontal and vertical directions 


107" atoms 


rigid internal 


through the phantom, on a line at 15 


to minimize the shielding effect of one detector 
on another. 

‘The detectors used in the first high level run at 
Vinéa, to measure flux above 0.5 MeV, were 
0.5-em wide track plates wrapped in cadmium 


* This Appendix was written by J. W. Smrra, United 
Kingdom Atomic Energy Authority, Harwell, Berks. 
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foil. Each track plate was a sandwich of two 
Ilford El 50-4 emulsions, with glass backing, 
separated by a 250-4 Polythene radiator, and 
was oriented at an angle of 45° to the front 
surface of the phantom. Under these conditions 
the response is constant with neutron energy 
between 0.5 MeV and 8 MeV at 1.26 « 10-3 
tracks/neutron to within +- 15 per cent. 

The detectors used in the second high level 
run were gold foils (260 mg/cm? thick) to deter- 
mine the slow neutron distribution. Previous 
experiments using 0.13 MeV, 2.5 MeV, 14 MeV 
and Po-—Be neutrons have shown that the shape 
of the curve through a phantom obtained from 
these gold foils is the same as that given by either 


manganese foils or sodium samples, despite the 


difference in resonance integrals 
E.2. Method 


From the relaxation length of the neutron 
flux in the phantom, as measured by the track 


Table 13. Relaxation length for various neutron energies 


: Relaxation length 
Neutron energy 
cm 


1 MeV 
2.5 MeV 


Po-Be spectrum (mean 4.5 MeV 


14 MeV 


monoenergetic 4.6 
monoenergetic 6.3 
10.0 


monoenergetic 20.0 


Fic. 17. Flux above 0.5 MeV given by track 


plates. 
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Fic. 18. Distribution of gold 
foil activity in phantom. 
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ce) 


plates, the mean energy of the neutrons with 
energies greater than 0.5 MeV may be found by 
comparison with the relaxation lengths obtained 
by irradiating the phantom with monoenergetic 
neutrons. The results of these experiments are 
given in Table 13. 


E.3. Results 


Track plate results from the Vinéa experiment 


are shown in Fig. 17. It can be seen that the 
back-scattered fast flux is about one-third of the 
incident fast flux and that the energy indicated 
by the shape of the curve is considerably lower 
than the energy of the direct neutrons. It seems 
possible that the high back-scatter is due to the 
angle of irradiation; the midline of the phantom 
was 112 cm above the floor of the reactor hall 
on the lip of the reactor well so that the angle of 
elevation to the center of the reactor was about 
30°. 

Fig. 18 compares the gold foil results from 
Vinéa with previous gold foil curves for neutrons 
of known all taken with the 20-cm 
phantom. 


energy, 
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Abstract 


The energy distribution of the electron flux generated by lightly filtered 250-kV 


constant potential X-rays has been determined for copper, aluminum and graphite in the 
form of pairs of parallel plates. The space between the plates was kept at high vacuum and the 
plate current was recorded as a function of plate voltage. Saturation currents of 0.0063, 0.0011 
and 0.00024 e.s.u. cm? r~! for the three chambers, respectively, were obtained at about 30 V 


plate potential. The energy distributions were calculated from the first and second derivatives 


of the current-voltage curves. The zero of energy was taken at the bottom of the conduction 


band. Observations were confined to those electrons able to escape from the material, i.e. 


those having an energy greater than (F,, 


function. The electron flux inside the plates was found to be largest at Ex 


¢) where E,, is the Fermi energy and ¢4 is the work 


¢, and to decline 


smoothly by an order of magnitude only 2 V higher. 


1. INTRODUCTION 


ALTHOUGH the ionization per unit volume and 
energy deposited per unit mass by radiation are 
useful indices of radiation 
detailed knowledge of the interaction of the 
radiation with the absorber is required before bio- 


exposure, a more 


logical damage may be quantitatively assessed. 
In fact, the differences in biological damage 
found for the same energy deposition from 
different radiations have led to the introduction 
ofa factor called the relative biological effective- 
ness which may be different for the various types 
of radiation and for different biological effects. 
PLATZMAN") has pointed out that a study of the 
low-energy electrons liberated in a medium by 
the passage of ionizing radiation may be an 
important preliminary to a more thorough 
understanding of the mechanism of biological 
damage. 

A related, but not identical problem has 
received considerable experimental attention in 
recent years; namely, the measurement of the 
electrons ejected from 


energy spectrum of 


surfaces by the action of corpuscular radiation. 


* Operated by 
U.S. Atomic Energy Commission. 


Union Carbide Corporation for the 


Wotrr™ has developed a theory of the energy 
distributions of secondary electrons from sur- 
faces bombarded by electron beams and has 
obtained approximate agreement with experi- 
ments. 
GREENING™ has made a semiquantitative 
estimate of the low-energy electron distribution 
walls of an_ irradiated 


emerging from the 


chamber. His calculations are based on secon- 
dary emission experiments, and predict that 
only a small fraction of the electrons will have 
energy in excess of 100 eV. 

Interpretation of secondary emission experi- 
ments is complicated by the boundary which is 
necessarily placed in the irradiated medium. 
Ideally, the medium should be of effectively 
infinite extent and bombarded isotropically in 
order to facilitate theoretical interpretation. 
Experiments of this type have been carried out 
by Taytor’™ who has investigated the small 
currents which persist in irradiated ionization 
chambers even when the chambers are evacuated 
to a pressure where gaseous ions make a 
negligible contribution. Analysis of his data to 
determine energy distribution of the electrons 
was complicated by his use of a cylindrical 


chamber. Experiments similar to Taylor’s are 
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described in the present work, utilizing a 
parallel-plate chamber which is more readily 
amenable to theoretical analysis. 


McKay’) 


has 


his review article on secondary 


emission mentioned some of the many 


experimental difficulties found in the 


appli- 
cation of conventional electron spectrometers 
Many 


of these difficulties may be avoided by applying 


to low-energy spectral measurements. 


a stopping potential to the plates for energy 


analysis as was done in the present work. The 
electron flux distribution inside the metal plates 
was calculated from the current—voltage curve 
of the chamber from a theory based on assump- 


tions of an isotropic distribution of the low- 


energy electrons inside the plates and a classical 
model of the barrier penetration. * 


2. THEORY 


Inside the medium the secondary electrons 


generated by the high-energy Compton and 


photoelectrons are assumed to have an isotropic 


angular distribution. Support for this assump- 


tion may be found from the observation that 


although the primary X-rays strike the plates 


unidirectionally, equal numbers of electrons 


having identical energy distributions are found 


emitted from the inner surfaces of the 


plates. The 
is then 


to be 


flux of electrons inside the medium 


defined as the number of electrons 


crossing a spherical probe having unit cross- 


sectional area, and this flux is assumed to be 


independent of both the position of the probe 
and the angle with which the electrons cross the 
If EF 


the medium, 


probe. is the energy of an electron inside 
then the flux or number of electrons 
in the medium per unit area per roentgen per 
unit solid angle per unit 
N(E; 
within a solid angle dQ, 


and E, —. dE, 
N(E,) dE, dQ 2a N(E;) dE, 


energy is defined by 
and the total number crossing the probe 
energies 


and having 


between E£, 
sin 4, dO, (1 


where 9, is the angle with the normal to the 
surface. 
In the 


a metal, 


Sommerfeld free electron 


an electron emerging from. the metal 


* A more 
Oak Ridge National Laboratory Report 2521 which has 
the same title 


complete account of this work appears in 


as this paper. 


model of 
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surface gains a potential energy and loses a 
kinetic energy in the amount £,, = E, + ¢ 
where £,, is the Fermi energy and ¢ is the work 
function. The energy an electron has outside 
the plates F, is then 


E, (2 


The velocity component parallel to the 
spectrometer plates is the same for a given 
electron inside and outside the medium, and it 
is easily shown that 

E, cos® 6, E.,, + E, cos* 05 3 

Equation (3) may be solved for cos 6,, and 
this quantity when differentiated yields the 
differential solid angle inside the medium in 
terms of the electron energy and angle in the 
vacuum space. 
27E, cos My sin I dO, 

EV (E,, + E, cos* 0, 
(4 


27 sin 4, dO, 


‘The flux of electrons inside the medium having 
energies between F£, and EF; + dE, and directed 


into the solid angle dQ, is then 


P sian , Ey dky 
2eN(E. + Fe) Te + B,) 
“0 - 


w 


N(E,) dE, dQ, 


cos 4, sin 4, dH, 
(E,, + Ey cos? 0, 


Because no electrons energetically able to 
boundary lost, the 
ge is equal to a new distribution 
N’'(E, 09) dEgdQ, outside the medium, and from 
equation (5) this flux per unit solid angle per 


unit energy 1S 


N’' (Eqs 9 


cross. the will be above 


E, cos 95 
V(E,g + £,) VW(E, 


u 


(6 
E,, cos® 4, ‘ 


Three useful results may be obtained from 
If one multiplies both sides by 
27 sin 6, d#, and integrates from 4, 


a/2, one obtains 


equation (6). 
dQ, 
0 to 9, 


In NE, 


'—JlEtE 


N’ (Eg, 95) dQg 
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Because the integral on the left is the total 
emission from the surface of the medium, and 
2a7N(E,, + Ey) is the emission from any point 
in the medium into the 27 solid angle toward 
the surface, the bracket represents the fraction 
of the total flux per unit energy interval which 
escapes from the surface. 

Secondly, in the case that Fy < E,,, it is clear 
that the angular distribution exhibits a cos 4, 
dependence in agreement with a considerable 
body of experimental evidence with surfaces 
irradiated from the outside with monodirectional 


yn 


X-RAY BEAM 


X-RAY TUBE TARGET 


Pb DIAPHRAGM 


ld 


Fic. 1. 


Simplified schematic of apparatus. 


electron beams.‘®) For the case that E, is of the 
order of E,,, JoNKER'® has found that the angular 
distribution still follows the cos 4, dependence, 
and he interprets this as indicating that the 
angular distribution inside the medium also 
follows a cosine law. Since there appear to be 
no decisive theoretical arguments supporting 
this angular dependence inside the medium, we 
feel that this observation is either a peculiarity 
of the beam geometry or is merely a result of the 
experimental uncertainty involved in measuring 
the factor E,, cos"9,) which varies 
relatively slowly with 6, when £, is not too 
different from £,,. In any case, for the irradia- 
tion geometry employed here, it seems best to 
utilize the distribution of equation (6) which has 
the desirable property that, in the limit that 
EK, ~ E,,, the distributions inside and 
the medium become identical, i.e., N’(E, 9) 


N(E. + Ey). 


V (Ew 


outside 
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The experimental situation is shown in Fig. 1. 
It is clear that all electrons emitted from the 
negative plate will be collected by the positive 
plate. However, some electrons emitted from 
the positive plate will be unable to reach the 
negative plate and their counterparts from the 
negative plate will constitute a current in the 
external circuit. Thus all electrons with E, < V, 
and those with E, > V but emitted at an angle 
4, such that y/(Ey)cos Op - 
bring about a current. 


\/ V, will indirectly 
The total current from 
plates of area A(cm?) irradiated at a dose rate 
R (r/sec) is 

vv NEW+E 

[= eAR2n| ——*—"—* 
Jo V (Eo 
cos 4, sin 6, dO, 


E, cos” I, 


cos 4, sin 4, dH, 
E, cos? 9, 


Jcos 1y(V/E,) \ (Ey 
The integrations over angle may be performed 
immediately and yield, 


I = eAR2n i (Ey 


The integral equation (9) may be differentiated 
twice with respect to the voltage. 


l 


(4 oy eke eee 
— (eye 


dV V uw 


x 
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Substitution of the integral in equation (10) into 


equation (11 yields 


| 
eAR 27 


dl ae 
(a3). (az | 12 


The Fermi energies and photoelectric work 
functions are given in Table 1. 


Table 1. Fermi energy Ey 
@ for Cu, Al and graphite 


and photoelectric work function 


Copper 
Aluminum 
Graphite 


3. EXPERIMENTAL APPARATUS 
PROCEDURE 


AND 


The current-voltage curve must be measured 
very accurately in order that the first and second 
derivative calculated therefrom and the energy 
distribution shall have any accuracy. A major 
consideration in obtaining an accurate current 
voltage curve was the stability of the X-ray 
machine or other source of ionizing radiation 
which might be used. The source of X-rays was 
a commercial 250-kV constant potential machine 
total of 4.5 mm of Al The 
output of the X-ray machine was kept reason- 


with a filtration. 
ably stable witha Sorenson a.c. voltage regulator, 
Model 15000-2S. But even with this improved 
stability, erratic fluctuations having magnitudes 
still 
addition to a 120 cycle ripple component of 


of the order of | per cent remained in 
from 2 to 3 per cent. Of even more importance 
the X-ray output 


ranging from | to 3 per cent during a period of 


was a slow decrease in 
from 4 to 6 hr, the time usually required for a 
complete set of current-voltage measurements. 

The points on the current-voltage curve had 
to be measured to an accuracy of about 0.02 per 
cent in order that the accuracy of the calculated 
second derivative might be of the order of 5 per 


cent. To achieve this accuracy, a second ion 
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chamber was introduced as a monitor of the 
X-ray machine’s output as shown in Fig. 2. The 
upper chamber is the test chamber with variable 
collecting voltage V and the lower chamber is 
the X-ray beam monitor having a constant 
saturation voltage V,,. Since both chambers 
were in the same X-ray beam, both indicated 


1 TEST 
7 V {CHAMBER 
? 


MONITOR 
CHAMBER 


VACUUM 
CHAMBER 


Fic. 2. Schematic of test chamber, monitoring cham- 


ber, and guard plates. 


the same percentage beam fluctuation. ‘Thus 
for a given applied voltage V on the test 
chamber, the ratio ///,, of the chamber output 
currents remained constant, independent of any 
beam fluctuation. The two chamber currents / 
and /,, were therefore read simultaneously and a 
very accurate current-voltage curve was ob- 
tained from their ratio. 

Both the test and monitor chambers consisted 
of four parallel plates as shown in Fig. 2. The 
two outer plates of the test and 
chambers served to support the inner collecting 


monitor 


plates and also stopped unwanted electrons 
generated elsewhere inside the vacuum system 
from being collected on the inner plates. The 
inner plates were separated from their support- 
ing plates by eight Fluorothene insulators. ‘The 
thickness of the plates used in the test chamber 
was made approximately equal to the range of a 
250-keV electron in the medium being studied. 
Since 250 keV represents the maximum energy 
which could be produced by the X-ray machine, 
chamber plates having a greater thickness 
would not appreciably alter the spectrum of 
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Fic. 3. Circuit schematic diagram. 


low-energy electrons, but would attenuate the 
X-ray beam. 

Secondary emission studies have shown that 
surface oxides and impurities can have a 
pronounced effect upon electron emission. The 
copper and aluminum test chamber plates were 
carefully treated in an effort to remove as much 
as possible of any such oxide layers and impuri- 
ties. The copper plates were treated by two 
cleaning methuds. A chemical cleaning process 
removed approximately half the oxide, and an 


electropolishing followed by hydrogen annealing 
left a copper oxide thickness of approximately 
20 A. The aluminum test chamber plates were 
prepared by mechanical polishing and cleaning 
with detergent. The graphite plates were not 
treated since no oxide layer normally exists on a 
graphite surface. 

Measurement of the chamber output currents 
I and J), was accomplished simultaneously with 
two ORNL Q-826-B electrometers using a null 
voltage method. Fig. 3 is a schematic circuit of 
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the current-voltage measuring apparatus. The 
voltages by the small chamber 
currents in the grid resistors R and Ry, of the 


produced 


electrometers were bucked out by accurately 
measured voltages applied in the grid returns. 
The bucking voltages V,, and Vy, were supplied 
12-V wet cells. Rubicon 


by standard 6- and 
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a 10-mV chart recorder. The bucking voltages 
were adjusted until both electrometers simulta- 
neously gave null readings. Since each electro- 
meter had small erratic drifts in its zero current 
position, the zero positions were checked with 
the grounding switches, S,, shown in Fig. 3. 
After the bucking voltages had been adjusted to 


SOOO OOO 


<20 


High Precision type B and Leeds Northrup 
type K potentiometers were used to measure 
one-tenth of the applied bucking voltage with 
the aid of voltage dividers made from Daven 
precision wire-wound resistors. ‘The resistors R 
and R,, of the electrometers were Victoreen 
Both the 


Daven resistors fulfilled the necessary require- 


precision resistors. Victoreen and 
ment of stability such that no significant errors 


were introduced due to minute resistance 
changes. 

the electrometers 
reduced as much as possible by minimizing 
When 
nected to their respective chambers the response 
times were about | sec for the 10! Q range and 


10 sec for the 10! Q range. Thus all short-term 


Response times of were 


capacitance in the grid circuit. con- 


X-ray fluctuations were effectively integrated 
in the output current readings while the more 
important longer-term drifts and changes were 
detected and corrected as described above. 
The current-voltage 
were obtained in the following manner. 


experimental curves 

One 
operator was required to observe the output of 
each chamber by means of the electrometer and 


Fic. 4. Current—voltage curve for 
hydrogen-annealed plates. 


give no deflection on the recorder, both electrom- 
eter nulling switches 5S, were closed simulta- 
If no deflection occurred in either 
then each bucking voltage 
assumed to be equal to the potential drop in 


neously. 
recorder, was 
each grid resistor. 
The first derivative of the current—voltage 
curve was calculated using the expression 
d( 1/AR) ] 
dV 


The second derivative of the current—voltage 
curve was calculated at the mid-point among 
four successive readings, i.e. at (V;,. + V;,,)/2, 
using the expression 
d?(1/AR) 
dV? 


~ Vist 


Ji+r2 


2Ax? 


where Ax (V;,, — V,) represents the voltage 
mesh, and », is the current per unit area per 
dose rate (J/AR); obtained at an applied 
chamber voltage V;,. 
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Fic. 5. First derivative of the curve of Fig. 4. 
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4. RESULTS 

A typical current-voltage curve is shown in 

4 for chemically cleaned, hydrogen-an- 


The energy distribution of the flux obtained 
from Figs. 5 and 6 and from equation (12) is 
shown in Fig. 7. Spectra for aluminum and 
graphite are shown in Figs. 8 and 9. In all cases 
the ordinate is the product of the electron flux 


Fig 
ig. 


nealed copper plates. The saturation of the 


relatively low chamber voltages 
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Fic. 7. Energy distribution of electron flux in irradiated copper. 
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Fic. 8. Energy distribution of electron flux in irradiated aluminum. 


indicates that the flux is predominantly in the 
The first 
derivative curves for these plates are given in 


low-energy region. and second 


Figs. 5 and 6. The yield, obtained from the 
saturation portion of the first curve was 0.0063 
I 


e.s.u.cm~* r-!, and for aluminum and graphite 


plates, 0.0011 and 0.00024, respectively. 


per unit solid angle inside the medium, the 
electronic charge, and the 27 steradians 
subtended by the surface at any point in the 
medium. That is, the ordinate is total (isotropic) 
flux in the direction of the surface multiplied by 
The abscissae are the 
the bottom of the 


the electronic charge. 
electron energies above 
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The electron energy distributions inside the 
materials determined here are considerably 
narrower (in terms of the widths of the spectra 
at half height) than the type of distribution 
suggested by GREENING as emerging from the 
surface. Qualitatively, this is because very low 
energy electrons inside the material are more 
readily reflected at the surface potential barrier 
than those having energies several times the 
work function.‘® The maximum flux is about 
0.07, 0.02 and 0.002 e.s.u. cm-? r-! V~! for 
the annealed copper, aluminum and graphite 
plates, respectively. 

Attempts have been made* to fit simple 
functions of the energy to the data, but the 
ran as a accuracy of the present data renders such 


2" eN(g¢ +V) IN (esu cm~2r~! yoitm!) 


= ” comparisons liable to considerable error. Addi- 
ELECTRON ENERGY IN (ev) tional work using a.c. detection methods is in 
Fic. 9. Energy distribution of electron flux in progress and promises to provide the increased 
irradiated graphite. accuracy and _ sensitivity necessary for such 
curve fitting. 
conduction band. It is probable that the flux REFERENCES 
continues to increase as the energy decreases . ie Pearman, Balk Bo & 1 CO. 
a9 Ey 4 $, but se ape “~ apes 2. P. A. Wouter, Phys. Rev. 95, 56 (1954). 
in the present investigation which is limited to; cab , aid -2 1198 
those sas notre “ar then energy to escape 4 1..S. Scuc ton & ck MER , 
from the material. ‘The open and closed circles 5. K. G. McKay, Advance. Electron. 1, 65 (1948). 
represent data taken with the upper plate 6. J. L. H. Jonker, Philips Res. Reps. 12, 249 (1957). 
positive or negative with respect to the lower 
plate. Within the experimental uncertainty, 
the two sets of points appear to lie on a single 
curve. 


* See footnote on p. 204. 
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Abstract— Particle size is recognized as an important factor in evaluating the health hazard of 
aerosols and, in addition, has other applications in health physics; however, very little pub- 
lished data is available on plutonium aerosols in plant and laboratory operations. Since the con- 
centration of plutonium in most such aerosols is extremely small relative to the normal dust load- 
ing of the atmosphere, direct identification and measurement of plutonium particles is im- 
possible. In these studies, an x-track technique has been used. The sample is collected on a 
membrane filter and transferred directly to a nuclear emulsion where it is allowed to remain in 
contact for various time periods. After development of the film, the number of tracks per 
particle are counted with the microscope. Assuming the particles are spheres of pure plutonium 
oxide, the particle diameter can be calculated from the number of tracks. Limitations of the 
technique are discussed. 

General air samples and breathing zone samples were collected in a processing plant where 
plutonium metal is handled in glove boxes. ‘The operations conducted in the rooms included 
metallurgy and machining of plutonium. Particle sizes measured were mostly less than 0.3 
with standard deviations of the size distributions being less than 2.0. There was very little varia- 
tion in these parameters from one operation to another. Reasons for these results are presented. 
The effect of these data on calculated lung deposition and on sampling efficiency with the 


annular impactor are discussed. 
PARTICLE size is important in evaluating the 
health significance of an airborne dust and in 
determining the efficiency of certain types of air 
samplers and air cleaners. Although the size 
parameter is not explicitly defined by the [ICRP 
NCRP in 


concentrations, a model has been adopted in 


and the calculating permissible 


which a certain percentage deposition in the 
1. This 


percentage depends largely on the size, shape, 


lower respiratory tract is assumec 


and density of the aerosol particles; in effect, 
therefore, this defines the limits for the aerosol 
the combination of such 


with appropriate 


properties. Presumably if an aerosol under 
investigation could be shown to have properties 
significantly different from those assumed in 
setting the standards, an appropriate adjustment 
could be made in the maximum permissible 
concentration. That such adjustments have not 


been proposed or requested is at least partly due 


to the lack of published data on the values of 


these parameters, particularly those of particle 


size. 


In the case of non-radioactive dust, particu- 


larly silica dusts, permissible concentrations 
have been developed largely from combined 
clinical and engineering studies in the field. 
The absence of clinical data in the case of studies 
dusts makes it 


on radioactive necessary to 


calculate permissible concentrations almost 
wholly from physical measurements. Hence, 
there is a real need for field data on actual dust 
properties. 

Particle size measurements of uranium aero- 
sols from machining and metallurgy operations 
have been published.) Owing to the extremely 
low concentrations of most radioactive 
aerosols under field conditions, it is impossible 
to use ordinary optical sizing methods. In- 
direct methods, such as the cascade impactor, 
have given some useful information, but these 
devices are seriously limited since for highly 
radioactive dusts it is practically impossible to 
calibrate the impactor against the test dust. An 
alternate method, which was used with the 


impactor on the previous study, was x-track 


mass 
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counting. This technique has been extended 
and applied to plutonium aerosols with which 
the cascade impactor is of very limited useful- 
ness. This paper describes the technique and 
presents some results illustrating its usefulness. 


SAMPLING PROCEDURES 


The airborne plutonium was collected on 
2-in. diameter membrane filters at a flow rate 
of | ft?/min, using the existing central air 
sampling system to draw air through the filters, 
which were counted in an_ «g-scintillation 
counter. In the central air sampling system, a 
multiple-stage vacuum pump draws air through 
sixty 2-in. diameter plastic sampling heads. The 
heads are installed to collect breathing zone air 
samples when a man works with his hands in the 
dry box gloves. In addition, sampling heads, 
installed near each wail exhaust grill, draw out 
general room air to check it for airborne 
plutonium. The system normally draws 2 ft*/ 
min through a diameter HV/70 filter 
paper and operates under from 4 to 5 in. Hg 
vacuum. With the membrane filter mounted 
in a 2-in. holder the maximum air flow with 


2-in. 


the central vacuum pump was | ft?/min. 

The major problem in air sampling was 
collecting sufficient airborne plutonium aerosol 
for sizing by the «-track method. Eighteen 
membrane filter samples were collected during 
each 8-hr day for 2 months and approximately 
twenty-five samples were obtained with suffi- 
cient plutonium aerosol for sizing. The majority 
of the usable samples were obtained when a 
minor contaminating incident occurred such as 
a hole in a dry box glove. During the last 2 
months of air sampling the exhaust 
samplers were operated continuously for | week, 
and most of the air samples suitable for particle 


wall 


sizing were collected at these stations. All 


breathing zone samples would have _ been 


preferred, but this was impossible because of 


insufficient material, under normal operating 
conditions, at the sampling stations. 


SIZING METHOD 
The diameters of plutonium dust particles 
were measured by an autoradiographic method 
and also optically, where possible. ‘The track 
method was found useful for determining dia- 


ca) 
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meters in the size range of from 0.05 to 2.0 wu. 
Other workers®~® also have reported methods 


useful for sizing «- and /f-emitting dust by 
autoradiographic techniques. In general, these 
methods are useful for diameters greater than 
l uw. 

If certain assumptions are made, the pluton- 
ium dust particle diameters can be calculated 
from the numbers of tracks produced in the film 
by the individual particles. If the diameter of 
the dust particle is greater than 0.5 yw, optical 
sizing also is possible, the tracks identifying the 
plutonium. Evidence of attachment of pluton- 
ium to non-radioactive dust can be observed 
and will be discussed later in this paper. 

Plutonium lends itself very well to 
method of measurement of small 
because its specific activity is relatively high 
and because here almost all of it is in relatively 
1239. 


this 
diameters 


pure compounds of Pt Information neces- 
sary to determine size from track count includes 
the molecular formula, atomic weight, density, 
half-life, exposure time, and exposure geometry. 
The particles are assumed to be spheres of pure 
plutonium oxide, Pu*8°O, with a density of 
11.46 and a half-life of 2.43 « 104 years. The 
exposure geometry was assumed to be 50 per 
cent in all cases. 

Table 1 shows the exposure times necessary 
to produce ten tracks from various particle sizes 
using the parameters given above. This table 
shows that the extent of detection is limited by 
the long exposure times required for diameters 
below 0.05 «; the long exposure times introduce 
inaccuracies due to fading of the track images in 
the NTA emulsion.” 
with particles larger than 


Inaccuracies occur also 


2 in diameter, 
Table 1. Exposure time required to produce ten 
tracks per particle 
Particle diameter Exposure time required 
min 


3.4 

27.0 

216.0 
27,000 
216,000 
27,000,000 
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which produces too many tracks even with 


short exposures, and from self-absorption within 


the particle. 


EXPOSURE TECHNIQUE 
The emulsion is softened before exposure by 
the jin. NTA 
water for several minutes; the slide is removed 
from the water and a quarter sector of the 
membrane filter placed on the slide with the 
the emulsion. A 


submerging | in. slide in 


dusty side in contact with 
piece of blotting paper is placed over the slide 
and filter sector, and the blotter and filter paper 
are pressed against the softened emulsion with a 
rubber photo squeegee, thus transferring the dust 
particles from the filter to the emulsion. When 
blotted the the 


emulsion becomes tacky and the filter then is 


excess water is from slide, 
separated from the emulsion with forceps. The 
entire time that the filter has been in contact 
with the emulsion is approximately 10 sec. The 
slide is then placed in a dark area for the expo- 
sure period and then developed for 5 min using 
1-19 developer. It is then fixed for 40 min, 
rinsed in water for several minutes, and dried. 
Che development solution was not agitated, and 
carefully to 


films handled avoid 


disturbing the particles on the emulsion. 


the were 


Fig. 1(a) shows the appearance of dust on a 
section of a membrane filter as viewed under the 
microscope. Fig. 1(b) shows dust from another 
section of the same filter after transfer to the 
nuclear emulsion, exposure and development. 
[hese two pictures show that there was little 
apparent change in the dust distribution as a 
result of the transfer. Further evidence of 
quantitative transfer of the dust from the filter 
to the film is shown in Table 2, which lists the 
amount of active material transferred from the 
membrane filter to the NTA emulsion. Note 
that only a small percentage of the activity 
remained on the filter paper except in the case of 
the last sample, and that in all cases more than 
90 per cent of the activity can be accounted for. 
Except for the last sample, the amount trans- 
ferred was a very high percentage of that on the 
original filter. 

The chief factor affecting the efficiency of 
transfer to the emulsion is the total amount of 
material, both active and inactive which is on 
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Table 2. Activity balance of material following transfer 


Activity on filter 


(dis/min) 
> : 
Per cent 


transferred 


Activity on 
emulsion 


After Fane ‘ 
(dis/min 


transfer 


3efore 
transfer 


410 430 
159 124 
303 292 

97 $. 84 

16.: é 16.: 
408 386 
1830 1610 
1750 802 


the filter. The depth the dust penetrates into 
the filter also may affect the amount trans- 
ferred, although such penetration is slight with 
membrane filters. 

To check on these factors the sector of filter 
paper from which the dust has been transferred 
was placed at the end of the slide to which the 
transfer has been made, and kept there during 
exposure and development. On some films the 
developer penetrated the filter and permitted 
development of the emulsion under the filter. 
Fig. 2 shows a developed image obtained 
when the filter was left in contact with film 
during exposure and development. Close 
examination shows evidence of tracks arising 
from plutonium particles not in direct contact 
with the emulsion, although the relative number 
of such tracks is quite small. To identify 
positively a single particle not in close contact 
with the emulsion, there must be a large number 
of tracks which can be traced back to a common 
center. If several such particles are closely 
associated, it is difficult to identify each particle 
individually. 

Filters which contain a relatively small mass 
of collected material bond themselves tightly to 
the emulsion and prevent satisfactory develop- 
ment of the emulsion under the filter. The 
filter can be removed just prior to development 
but again, where there is little collected 
material, it is very difficult to separate the filter, 
even after soaking it in water for several minutes. 

In our work, 24 hr is the most suitable initial 


a. ON FILTER PAPER BEFORE 
TRANSFER 


Fic. 1.(a) Photomicrograph of room dust 
collected on membrane filter and cleared 
with immersion oil. 


‘se a 

«* om a a’ 

b. ON NTA FILM AFTER 
TRANSFER 


Fic. 1.(b) Photomicrograph of room dust 
from another section of same membrane 
filter as (a) after transfer toa nuclear emul- 
ison, exposure, and development. Com- 


parison of the two pictures shows the 


quality of the transfer of the dust from the 


membrane filter to the nuclear emulsion. 
150. 


Fic. 2. Photomicrograph of a section of a membrane filter left in contact with 


a nuclear emulsion during exposure (24 hr) and subsequent development. 


13 DAYS 40 DAYS 


Fic. 3. Photomicrographs of four different sections of the same membrane 


filter after transfer to a nuclear emulsion, exposure for the times indicated, 


and development. 


Fic. 4. Photomicrographs of room dust collected on a membrane filter, 


transferred to a nuclear emulsion and exposed for 24 hr. 
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exposure time for evaluation of the number and 
size of the plutonium particles. Additional 
exposures can be made using other segments of 
the filter based on results from the 24-hr 
exposure. Fig. 3 shows a series of exposures 
on sections of the same membrane filter. 


RESULTS 

At concentrations below the NCRP permis- 
sible levels, the mass of material collected (even 
during 8-hr sampling) is so small and the 
number of active particles are so few that only a 
relatively small percentage of the many samples 
collected can yield useful data. If sampling is 
prolonged, the conditions sampled may vary 
widely and the results obtained are inapplicable 
to specific situations. Thus, the small number of 
samples reported here actually represent the 
collection of hundreds of air samples. 

These samples cover two major plant areas: 
preparation of plutonium from nitrate, and 
fabrication of plutonium metal. These opera- 
tions are carried out in two large rooms. Hence, 
a sample collected in any position in one of 
these rooms may contain plutonium from any 
of the several operations in the room. However, 
the source usually is the operation closest to the 
sample point because of the air flow pattern in 
the rooms. A summary of the sampling results 
is given in Tables 3, 4 and 5. The operation 
specified for each sample is the one carried out 
nearest the sampling point. 

Since a full day’s sampling at the maximum 
permissible concentration did not collect enough 
plutonium for sizing, the above samples 
represent conditions occurring when there had 
been a failure of the containment, as for 
example, a leak in a dry box glove. All the 
operations being performed were routine. 

There are several points of interest in these 
data: (1) all the mass median diameters are 
very the standard deviations or 
dispersions are very low; and (3) the size 
characteristics vary little from one sampling 
point to another or from one operation to 
another. This is quite different from experience 
with other industrial aerosols such as uranium 
and silica. A possible explanation for all three 
of the above observations lies in the tight 
containment of plutonium operations. When 


small; (2) 
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the containment plus ventilation are working 
properly, there is essentially no plutonium 
present in the air. The escape of plutonium as 
represented by these samples is still very minute 
on a mass basis, as compared with that en- 
countered in dusty operations. Hence, the 
operation really being sampled in all cases is 
that of the minute leakage of airborne dust from 
the containment. The leakage is itself a size 
selective process, so that the sizes represented in 
these tables probably are more representative 
of this leakage process than of the dust genera- 
ting operations of loading, fluorination or 
machining. 

Another observation 
data is that there were practically no agglom- 
erates among the plutonium dust examined 
optically nor do the track patterns indicate the 
presence of multiparticle groups. This may be a 
result of the extremely low mass concentrations 


not apparent in these 


encountered or because of the high specific 
radioactivity weakening the electrostatic forces. 
In any case, the absence of agglomerates tends 
to reduce the average particle size and also 
reduces the standard deviation. 


RELATIONSHIP OF PLUTONIUM PARTICLE 
SIZE TO LUNG RETENTION 

Much scattered data on lung retention as a 
function of particle size have been published 
and were reviewed by Huttoevist in 1957.‘ 
After studying these articles, we feel that the 
data of Brown et al.'®) probably are the best and 
the most useful for calculating retention. Their 
work was done on china clay particles having a 
density of 2.6 g/cm*. If the primary methods of 
deposition in the lower respiratory tract are 
sedimentation, or impaction, then the sizes used 
by Brown must be multiplied by y (p,/p,) to 
obtain the deposition curve for plutonium 


aerosol, where 


p, = density of plutonium aerosol particle 


p, = density of china clay = 2.6 g/cm? 


On the other hand, if deposition is from only 
diffusion or Brownian motion, then no correction 
is needed for density. Since the particle size 
here is extremely small, it seems likely that 
deposition is principally by diffusion and a 
density correction is unnecessary. Then, for a 
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Table 3. Data on samples collected in metal preparation area—\st half 


\j C ; r Mass median 
Air conc. zount median 
(MMD) 


Operation in area ; 


dis/min m‘ 


Loading nitrate and fluorination WE 
Loading nitrate and fluorination WE 
Loading nitrate and fluorination WE 
Loading nitrate and fluorination WE 
Loading nitrate and fluorination WE 
Loading nitrate and fluorination WE 
Loading nitrate and fluorination WE 
Loading nitrate and fluorination WE 


ee ee ee ee 


-_ OF > 


Loading nitrate and fluorination WE 
WE sampler near wall exhaust. 


Table 4. Data on samples collected in metal preparation area—2nd half 


\ir conc Count median Mass median 
Air conc. ‘ount mediz (MMD) 


3 


Operation in Area ; ; 
dis/min m‘* 
(#) 


Sampling box—plutonium nitrate WE 8.0 6 0.31 


Sampling box—plutonium nitrate WE 6.5 Pe 0.46 
Sampling box—plutonium nitrate WE 3.6 ? 0.65 
Processing contaminated alcohol WE 7.0 6 0.21 
Reduction of fluoride to metal WE 9.0 a. 0.19 
Reduction of fluoride to metal WE 22.4 a 0.51 
Reduction of fluoride to metal WE 5.8 : 0.19 
Reduction of fluoride to metal BZ 12.8 B 0.19 
Reduction of fluoride to metal BZ xo a 0.19 


WI sampler near wall exhaust. 
BZ sampler at breathing level in working area. Operator not necessarily present. 


Table 5. Data on samples collected in metal fabrication area 


Air C Count median Mass median 

P e d j onc. 10 e < 

Operation in area : . 2 (MMD) 
dis/min m? oie 

, (4) 


athe operation no. | 546.0 6 0.25 
vathe operation 3.9 as 0.41 
athe operation Z. 1030.0 x 0.16 
athe operation 1185.0 B. 0.25 
athe operation no 2. } 8.4 . 0.34 
athe operation } 344.0 F 0.22 
vathe operation 21.2 ; 0.35 
athe operation Z 974.0 6 0.25 
‘ontaminated thrash removal 456.0 ee 0.14 


WE sampler near wall exhaust. 
BZ sampler at breathing level in working area. Operator not necessarily present. 


W. D. MOSS, E. C. 


typical case such as the third sample in Table 3 
(MMD = 0.28 uw, og = 1.7), the amount deposi- 
ted in the lower respiratory tract can be 
calculated and is found to be 33 per cent. If the 
full correction for density is applied (deposition 
by sedimentation or inertia), the deposition is 
43 per cent. 

For another sample (MMD 
1.4), the calculated lower respiratory deposition, 
assuming only diffusion effects, is 42 per cent. 


0.50 pw, og 


A density correction would raise this to 49 per 
cent. Using the sample of largest size (MMD = 
0.65 4, og 1.7), the calculated deposition is 47 
per cent with no density correction. It is 
interesting to note that Morrow and Casa- 
RETT®, in their experiments on dogs, used a 
plutonium dioxide aerosol very similar to the 
last sample above (MMD = 0.68 yw, og = 1.8). 
They found a total deposition of 56 per cent. 
Since the particle size is small, only a small 
fraction of this should be upper respiratory 
deposition. 

In general, these results show that the cal- 
culated initial deposition of this material in the 
lower respiratory tract is somewhat larger than 
the 25 per cent used in the calculations of the 
ICRP. 


COLLECTION OF SAMPLES BY THE 
ANNULAR IMPACTOR 

The annular impactor has been used extens- 
ively for collecting plutonium aerosols,‘4+!”) and 
it is interesting to use these particle size data to 
predict collection efficiencies with this impactor. 
Since collection is affected by inertial forces, a 
density correction is necessary. Applying the 
density corrected data of Tarr to the particle 
size data on the three samples of the previous 
section, the following results were obtained. 


Table 6. Calculated collection efficiency of the annular 
impactor 


Collection 
efficiency 


Oo 


MMD 


Sample 
no. 


HYATT and H. F. 


SCHULTE 


These results (Table 6) indicate that collection 
efficiencies for this instrument may be consider- 
ably lower than usually assumed for this par- 
ticular type of plutonium dust. In fact, there may 
not even be a sharp distinction between such 
dusts and randon decay products. 


RESUSPENSION OF PLUTONIUM DUST 

During the sampling for this work, there was a 
spill in another part of the plant. As a result, it 
was necessary to clean up and decontaminate 
the room. Several samples for particle size 
analysis were collected during this clean-up 
operation. One sample was sized by the 
nuclear track method and apparently had a 
mass median diameter of 1.90 and a standard 
deviation of 1.8; however, microscopic examin- 
ation revealed that the particles were much 
larger than predicted from the track counts. 
Also, it was apparent from the pattern of the 
tracks that the particles were not pure pluton- 
ium. Typical particles with their accompany- 
ing tracks are shown in Fig. 4, which should be 
compared with Fig. 3. Thus, this 
resuspended in the air during clean-up, con- 
sisted of relatively large particles of inactive 
material with small amounts of plutonium 
incorporated in the particles. An optical size 
determination was made, and the mass median 


aerosol, 


diameter was 6.8 uw with a geometric standard 
deviation of 2.2 uw. Such material has a much 
lower percentage deposition in the lower respir- 
atory tract and would be collected with high 
efficiency by the annular impactor. 


SUMMARY 
A technique for measuring the particle size of 
plutonium aerosols has been described. Using 
this technique, air samples collected in areas 
metal is prepared and 
lower average and 


where plutonium 
fabricated revealed 
greater uniformity of size than anticipated. This 
may be expected to result in higher deposition 
rates in the lungs than predicted and would 
result in low collection efficiency in impactor 


Sizes 


type sampling devices. There is some evidence 
that when plutonium dust settles on surfaces and 
is resuspended during cleaning, the resuspended 
particles are much larger and are only partly 
composed of plutonium. 


PLUTONIUM AEROSOLS 


PARTICLE SIZE STUDIES ON 


H. YaGopa, Radioactive Measurements with Nuclear 
103-105. John Wiley, New York 
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HIGH SENSITIVITY SILVER-ACTIVATED PHOSPHATE 
GLASS FOR THE SIMULTANEOUS MEASUREMENT OF 
THERMAL NEUTRONS, »- AND/OR £-RAYS 
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Abstract. 


A new silver-activated phosphate glass which contains a large amount of Li and a 


small amount of B was prepared. ‘This glass has greater sensitivity for thermal neutrons, is less 
energy-dependent, and can be prepared to have lower predose reading than the Al-Ba~K—Ag 
metaphosphate glass. By exposing three pieces of glass which are covered by brass plate, 


cadmium plate, and Al foil, respectively, any mixed radiation dose of thermal neutrons, y-rays 


and f-rays can be measured separately and simultaneously. 


An integrated dose of 50 mr for y-rays and 8 
107 n,/cm? with an accuracy of 


accuracy of --5 per cent, and 0.1 r or 1.6 


1, INTRODUCTION 
ScHULMAN ef al.” have developed silver-activated 
phosphate glass for X- and y-ray dosimetry. 
The composition of their optimum mix is KPQOg, 
23.14; Ba(POg),, 23.14; Al(PO 3)5, 46.28; and 
AgPO,, 7.44 weight per cent. 

This silver-activated phosphate glass exposed 
to X- or y-rays fluoresces when excited by 
ultra-violet rays. The intensity of fluorescence is 
linearly proportional to the exposure dose. 
Konpo") has reported that ScHULMAN’s glass is 
sensitive to thermal neutrons. 

GINTHER and ScHULMAN™) have also reported 
the energy dependence of a silver-activated 
fin. jin.) con- 
‘THORNTON 


phosphate glass plate (in. 
taining Liand Mg but not K andF 


and Avuxrer™) have reported the response of 


rods of this glass (1 mm diameter 6 mm long) 
to thermal neutrons. 

A new silver-activated phosphate glass which 
contains a large amount of Li and a small 
amount of B has been developed. ‘This glass is 
as sensitive to y-rays as SCHULMAN’s glass. 

If appreciable reduction of “‘predose”’ reading 
is made in the measuring system of this glass and 
fluorometer, lower y-ray and thermal neutron 


* Matsuda Research Laboratories, Tokyo Shibaura 


Electric Co., 
+ Japan Atomic Energy 
Ibaragi-ken. Japan. 


Kawasaki, Japan. 


Research Institute, Tokai, 


10® n,/cm? can be measured with an 
3} per cent. 


doses can be measured by the use of a stable and 
sensitive amplifier in the fluorometer. 

The fading and dose-rate dependence is very 
small, and the response is linear from 50 mr up 
to 5000 r for Co® y-rays. 

Therefore, this measuring system seems to be 
ideal for personnel monitoring if the sensitivity is 
enhanced for thermal neutrons and the predose 
reading is reduced. 


2. PREPARATION OF SILVER-ACTIVATED 
PHOSPHATE GLASS 


High purity metaphosphates of Al, Li, Ag, 
Mg, K, Ba and Cd were prepared and used. 
These ingredients were analysed both chemi- 
cally and spectrophotometrically, as was the 
boric acid. The composition of the prepared 
glass is given in Table 1. 

The melting crucible used is of pure alumina, 
while the melting furnace is of the globar type. 

Each piece of glass was annealed and then 
polished to the size of 10 10 x (3 + 0.03) 
mm. Four opposite faces of each piece are 
polished so as to be transparent, and the other 
two side planes are ground by fine carborundum. 
Glasses nos. 2, 3 and 4 can be easily prepared so 
as to get low predose readings. 

The reproducibility of the response of glass 
no. 2 to y-rays is good. 
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HIGH SENSITIVITY 


Table 1. Composition of the prepared glasses 


Composition 
No. of wt. ‘ 
glass 
Base composition Added component 
LiPO, 50, Al(PO,), 50 
LiPO, 50, Al(PO ,), 50 
LiPO, 50, Al(PO,)4 50 
LiPO, 50, Al(PO,), 50 
LiPO, 35, Mg(PO,), 15, 
Al( PC do 3 50 
LiPO, 30, Gd(POg,), 20, 
\l(POx4), 50 
KPO, 25, Ba(POg), 25, 
Al(PO,), 50 


AgPO, 8 
AgPO, 8, B,O, 3 
AgPO, 8, B,Og 5 
AgPO, 8, B,O; 7 
AgPO, 8 


AgPO, 8 


\o PC 48 


3. FLUOQROMETER 

The ultra-violet light source is a 100-W super 
high pressure mercury lamp which has good 
stability. * 

The photocathode of the photomultiplier is 
semi-transparent Bi-Ag-Cs. This cathode has 
greater sensitivity in the spectral region of red 
than the semi-transparent Sb—Cs photocathode 
which has been used in the United States. Only 
near ultra-violet light which passes through three 
filters is focused on the dosimeter glass with a 
fused silica lens. In the front of the photo- 
multiplier are placed the ultra-violet filter and a 
red glass filter with sharp cut off at 590 mu and 
very low fluorescence when excited by the 
scattered ultra-violet light. ‘The photocurrent is 
stable and_ sensitive d.c. 


measured with a 


amplifier which uses an electrometer tube. 
Phosphate glass containing Mn which emits red 
fluorescence when excited by ultra-violet light 
is used as a standard. 

The predose reading of no. 2 glass is 0.9 r as 
observed with the fluorometer. By 
30 mr Co® 


y-ray exposure can be detected, and 50 mr can 


glass no. 2 and this fluorometer, 


be measured within an accuracy of 5 per 


cent. 
4. EXPOSURE TO MIXED RADIATIONS OF 
y-RAY AND THERMAL NEUTRONS 
The glasses were exposed in the hole no. 7 


thermal column) of the homogeneous reactor 


* Made by Matsuda Research Laboratories. 


Ag-ACTIVATED 


the use of 


PHOSPHATE GLASS FOR 21, 

JRR-1 at the Japan Atomic Energy Research 
Institute. Exposures were made with the reactor 
power level at 400 W, 5 kW and 40 kW. The 
10? at the 
position where the glasses were exposed. Hence, 


cadmium ratio of indium was 4 


any increase in response produced by neutrons 
above the cadmium cut-off, which is about 
0.45 eV for a 0.4 mm cadmium filter, is negli- 
gible. Each glass covered by Al foil 
0.02 mm thickness) brass plate (0.3 mm thick- 
0.3 mm thickness). 


was 


ness) or cadmium plate 
Also, 
pure Bi the thickness of which was 17 mm. 
Glass no. 2 was covered by pure Li having a 
thickness of 20 mm. 

The ingredients of these specimens all have 
short-lived neutron-capture produced isotopes, 
so that there was little persistent radioactivity. 
Gold foils were exposed simultaneously, and 
from their activation the thermal neutron dose 
was obtained. Exposure times were as follows: 
1, 4, The fluorometer read- 


Ings 


glasses no. 2 and no. 3 were covered by 


8, 12 and 16 min. 
of the exposed glasses are 
‘ 


photocurrent 
expressed in roentgens, in equivalent Co 


Glass no. 2 


response, and are given in Fig. 1. 
is the most sensitive, while ScHULMAN’s glass is 
the least sensitive. The Li shield of 55 mm in 
diameter and 50 mm in height absorbs all of the 
thermal neutrons incident upon it, behaving as a 
sink of thermal neutrons. Also, the coexisting 
y-ray flux decreases. ‘Therefore, the response 
of glass no. 2 covered by Li must be considered 


only as a reference. 


5. SEPARATION OF THERMAL NEUTRON 
AND y-RAY INDUCED RESPONSES 


a) The following method is for the use of 
glass no. 2 only. At first the glass covered by Al 
foil is exposed to Co®® y-rays, and the response 
Let 
the fluorescence of the glass exposed in the 
thermal column be denoted by F, expressed in 
equivalent Co® y-exposure, the y-ray exposure 
dose by D., the first collision thermal neutron 
dose by D,, and the fluorescence of the glass 
exposed to unit y-ray or thermal neutron dose 


by unit Co®® y-ray exposure is obtained. 


expressed in equivalent Co® y-exposure by /, or 


Sns Tespectively. 


In the case of the glass covered by brass or Cd 


60 


units 


in equivalent Co®° y exposure 


response (y) 


* 
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Thermal 


Fic. 1. Response of the prepared glasses exposed in the thermal column. 


Neutron Exposure 


(x10° n/cm? ) 


The 


various kinds of metal used for covering the glass are shown in parentheses. 


plate the suffix of br or Cd is added as /,,, /.,ca; 
etc. Then the following equations are valid: 


Pur = ford, + SavrPn 

Fea S. caD FncaD nr 

Fi = S,,niD, + SnBiDn 

and (3), 
Fi) 


y, Bi) 


and from equations (1 


because fp, is equal to f/f, Ri 
The values of f,,,, /,.ni, and f,.¢q are 0.733 r, 
0.382 r and 0.733 r, respectively. These values 
were obtained by the exposure to Co® y-rays. 
Therefore, D., is obtained from equation (4). 


Then from equation (1) and (2) f,.», and fyca 
are 4.99 and 1.19 r/rem, 


respectively, because D,, is known from Au foil. 


obtained as r/rem 
Abbreviation used as “rem” is equal to 9.6 
108 thermal neutrons/cm*?. 

Hence, using the two pieces of glass, one 
covered by brass and the other by cadmium, 
the exposure dose of any mixed radiation of 
thermal neutrons and y-rays is obtained separ- 
ately from equations (1) and (2) by the measure- 
ment of F,, and Fog. 

If f-rays exist in the mixed radiation field, the 
piece of glass covered by Al foil is exposed at 
the same time. Then we have 


Fy Fa, Fun 


where /., 4; is determined by the exposure to 


Sa, 3 9) 


HIGH 


units) 


\arbitrary 


response 
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X-ray enery 
Fia. 2. 2 


\, no. : 


4 
y 


glass plate, bare. 


in K Veff 


Energy dependence of no. 2 and no. 7 glass plates (10 10 


) 
B, no. 2 glass plate, 0.3 mm brass cover. 


C, no. : 
DD, no. 


Co®® y-rays, and /,.4; is equal to /,»,. Thus 


fy,.4,D, is obtained. Hole no. 7 (thermal column) 


has an aluminium cylinder wall with thickness of 
about 3 mm. This may be the chief source of 


p-rays. 
In our experiment, the following values were 
obtained: 
#,(thermal neutron flux density 
+.24 108 n,/cm® per min 
0.442 rem/min 
1.05 r/min 
0.08 rad/min 


d.,(y-ray flux density 

,(p-ray flux density 
By making a nomogram, ¢., ¢, and ¢; may be 
obtained immediately. 

b) The following method utilizes glasses no. 


2 and no. 3. 


As the ratio of the sensitivity for 
Co® y-ray of glasses no. 2 and no. 3 is 1:0.92, 
the ratio of that for thermal neutrons is obtained 
as 1:0.85 from Fig. 1. 

Each glass, covered by Al foil, brass plate, or 


glass plate, 0.3 mm cadmium cover. 
rlass plate, bare. 


Bi shield is exposed in the thermal column. In 
+7 


glass no. 3, F and f are replaced by F’ and f/f’, 
respectively. Then 
“7 “s 

Fre FnvrDn 

7) , “9 

Fri = SBP, Sn, BiPn 
From equations (6) and (7) fy, is obtained as 
3.82 r/rem (/,'p, is 0.67 r). 

Therefore, the exposure doses of any mixed 

radiation of thermal neutrons, y-rays and /- 


Saxe 


rays are obtained separately by the measure- 
ment of F';, Fy, and Fj. 

In our experiment, ¢, 
per min (0.442 rem/min), ¢., 
¢,; — 0.08 rad/min were obtained as before. 


4.24 


1.05 r/min and 


108 n,/cm? 


6. DEPENDENCE ON ENERGY OF y-RAYS 
Glass no. 2 is a “low-Z”’ glass, i.e. this glass 
is composed of low atomic number elements 
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without containing Ba as ScHULMAN’s glass (glass 


no. 7) does. Therefore, this glass is less energy 


dependent, as shown in Fig. 2 in the case of 


10 x 10 x 3 mm plates. Energy dependence 
of glass no. 2 is about one-half that of glass no. 7. 


The energy dependence of glass no. 2 covered 


°) 


response (arbitrary units) 


bare glass. ‘This is due primarily to the capture 
y-rays derived from Cd", mm 
cadmium filter absorbs a large part of the ther- 


since a 0.3 


mal neutrons incident upon it. 
The response to thermal neutrons of glass no. 
2 is very high compared with that of glass no. 7, 


X-ray. energy 


Fic. 3. Energy dependence of no. 2 and no. 7 glass rod 
A, no. 2 glass rod, bare. 


in K Veff 


1 mm dia. * 6 mm). 


B, no. 2 glass rod, 0.3 mm brass cover. 
C, no. 2 glass rod, 0.3 mm cadmium cover. 


D, no. 7 glass rod, bare. 


by a brass plate (0.3 mm thick) or a cadmium 
plate (0.3 mm thick) is also shown in Fig. 2. 
In the case of the glass covered by cadmium 
plate, the energy dependence is greatly reduced. 

No. 2 glass rods of the size of 1 mm diameter 

6 mm were covered by a brass plate (0.3 mm 
or cadmium plate (0.3 mm); the energy depend- 
ence is shown in Fig. ‘ 
In glass rod no. 2 covered by a 

the energy dependence is 


glass rod no. 7. 
cadmium plate, 


greatly reduced. 


7. DISCUSSION 


As shown in Fig. |, the response of glass no. 7 
covered by cadmium is larger than that of the 


3, together with that of 


although the ratio of the response to y-rays is 
1 :0.975. 

In no. 2 glass plate (10 10 3 
covered by brass plate, 1 r Co®® y-ray exposure 
dose produces the response equivalent to the 
thermal neutron integrated flux 1.57 « 105 
n,/cm*. In other words, a 1 rem thermal neutron 


mm 


exposure produces the same increase in fluor- 
escence as 6.12 rCo® y-rayexposure. In DuPont 
type 502 film covered by a brass plate, according 
to Kauit®), a 1 rem thermal neutron exposure 
produces the same increase in density as a 0.9 r 


Ra y-ray exposure. 
As the energy dependence between | and 3 
MeV y-ray region is small, it may be said that 
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the no. 2 glass plate is about 6.8 times as sensitive 
as DuPont 502 film to thermal neutrons when 
it is assumed that the glass is as sensitive as the 
film to y-rays. 

In the method of the use of glasses no. 2 
covered by brass plate and cadmium plate, 
there may be an error in the evaluation of the 
y-ray exposure, because there is some energy 
dependence. But it may be emphasized that 
the evaluation of thermal neutron exposure will 
still be reliable. 

By the method and fluorometer mentioned 
above we can measure 50 mr for y-rays and 


8 10% n,/em? for thermal neutrons with an 


accuracy of +-5 per cent, and 0.1 r and 1.6 
107 n,/em? with an accuracy of +-3 per cent. 


h 
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NOTES 


Determination of Radioiodine in Milk 
Received 12 December 1960) 


ATEN et al.) report the determination of radioiodine 
in milk after a nuclear accident, by means of a Geiger 
Miiller y-counter. They find about 460 counts/min 
for the maximum permissible concentration of 0.065 
pec i. 

A similar emergency counting programme is 
envisaged in Norway in case of reactor accidents. 
Nearly all milk produced in Norway is distributed 
through central dairies, where the individual pro- 
ducers deliver their milk in aluminium containers, 
mostly holding 50 1. If all individual milk contribu- 
tions could be checked without loss of time before 
pooling, economic losses could be kept down to a 
minimum without jeopardizing the safety. 

Tests we have carried out with new compact 
single-channel scintillation counters, set at the I?! 
energy, have proved most encouraging. Using a 
preset time of only 10 sec and a net count corre- 
sponding to half the background (i.e. 50 per cent 
increase in reading) as a criterion, a detection level 
of 0.004 yc/l could be established on the exterior wall 
of the 501. milk container. Measurements of this 
sensitivity and speed justify in our opinion the rela- 
tively high costs of the counting equipment. 

When monitoring the walls of containers of other 
volumes than 50 |., the readings obtained will change. 
We have found the following ratios: 

Milk bottle 11. 0.15 

Plastic can 7b 0.5 

Jerry can 201. 0. 

Road tank truck 

Rail tank truck 
State Institute of 

Radiation Hygiene 
Oslo 


KRISTIAN KOREN 
ARNE BULL 
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1. A. H. W. ATEN, Jr., H. J. L. UMAns and W. M. C. 
DE JonG, Health Phys. 4, 62 (1960). 


Concentration of Uranium in Sea Fish 


(Received 18 November 1960) 


In A recent publication™ we have referred to a 
concentration factor for uranium between fish and 
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seawater, which we had undertaken in collaboration 
with Dr. J. Koor and Dr. U. Hotisrein*. We have 
finished the rather restricted series of measurements 
which we have been able to undertake for the present. 

Uranium was determined by ultra-violet fluores- 
cence in the solidified melt of the ash with NaF + 2°; 
LiF. Bones were excluded from the samples as far as 
possible. As it was our intention to arrive at a 
reasonably reliable value for the maximum permissible 
concentration of ordinary uranium in seawater, we 
applied normal precautions to exclude contamination 
with traces of U, without going to extremes, as such a 
contamination would only raise the observed uranium 
concentration, which in turn would lead us to too low 
a permissible concentration. ‘The fish samples were 
taken from fish obtained commercially in Amsterdam, 
so occasionally some contamination may have taken 
place before the sample reached us. No two samples 


Table |. 


Uranium determinations of samples on the flesh of 


Sresh fish 


= Uranium content expressed 
Fish ‘ 7 : 
in 10-° mg/g fish 


0.9; 0.25 
Mackerel 1.0 
Haddock 6 


Gurnard 


0.4; 
2 ~@S 
LZ: 10 


Whiting 
Plaice 


Cod 


of the same fish w acquired on the same occasion. 
The results obtained on fresh fish are collected in 
Table 1. The probable error of the measurements 
may be estimated to be around 0.5 10-° or 10-° mg 
U per g of fish. This shows that most of the figures 
listed in Table 1 are not significantly different 
from zero. In some samples, on the other hand, the 
presence of uranium seems to be definitely established. 

In the case of herring the situation is more 
complicated, because this fish is never sold fresh, but 
always in a more or less preserved, i.e. salted, 
condition. Occasionally the treatment involved may 
well introduce uranium contamination. The first two 
samples we measured showed U contents of 0.8 « 10~® 
and 74 « 10-5 mg U/g. As the second value was 


* At that time at the Reactor Centrum Nederland. 
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clearly abnormal we measured another series of ten 
different herring samples, in which we found an 
average uranium content of 1.2 10-° mg U/g with 


a maximum value of 2.3 10? mg U/g. 


From this we conclude that the uranium content of 


herring is not as a rule higher than that of other fish. 
It is a little difficult to choose from our analytical 
results a reasonable value for the average concentra- 
tion of uranium in fish. Perhaps 2.1 10-°> mg U/g 
would be acceptable and, if we choose twice this 
value, we should already be on the safe side. 
combine the uranium concentration in fish 
10-° mg U/g with the value of 1.1 10-6 
ml determined by Koczy‘?) for surface sea- 
For 


If we 
of 2.1 
mg | 
water, we 
natural uranium the maximum permissible concentra- 
tion in drinking water for occupational exposure“ 
) 10-4 we/ml, which may be taken to correspond 


to a MPC of 6.7 10-6 nc/ml for the population at 


find a concentration factor of 20. 


is 


large. Combining the concentration factor with the 
MPC for drinking water for the population at large 
we calculate a maximum permissible concentration 
in seawater of 3 10-® ne/ml or 9 wg U/ml. (This 
figure should, of course, be divided by an extra safety 


factor, in case one wishes to apply such a factor. 


\. H. W. ATEN, JR. 

J. W. DALENBERG 

W. C. M. Bakkum 
Institute for Nuclear Physics Research 
Amsterdam, Netherlands 
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A Device for Determining the Orientation 
of Persons Exposed to Neutron and/or 
y-Radiation 


(Received 3 February 1961) 

EXPERIENCE gained in dosimetric experiments necessi- 
tated by nuclear accidents"!) indicates that a device 
is needed to determine the orientation of persons at 


the time of exposure to nuclear accidents. Because 


NOTES 


the person’s orientation and position frequently 
change between the times he receives the neutron and 
y-ray portions of his exposure, detectors for both types 
of radiation should be provided. 

In conjunction with experiments concerning blood 
sodium activation in man phantoms and live burros, 
neutron- and y-radiation measurements were made 
with several detectors placed around the waist and 
chest areas of phantoms and burros. Pellets of sulfur, 
bare gold foils, cadmium-covered gold foils, and 
metaphosphate glass rods were placed at intervals on 
belts. ‘The results of a typical exposure are shown in 
Fig. 1. Gold and sulfur detectors were used to detect 
thermal and fast -2.5 MeV 
(3.4) and the glass dosimeters were used for 


neutrons respec- 
tively, 
measuring y-radiation.") 

The data show that the fast-neutron flux above 2.5 
MeV is approximately uniform along the front of the 
phantom, i.e. the side toward the radiation source, 
and that the flux is decreased by approximately a 
factor of 10 on the side farthest from the radiation 
source. ‘The difference in y-dose and thermal-neutron 
flux in front of and behind the phantom is approxi- 
mately a factor of 2. Analysis of the distribution of 
flux and dose values reveals that four detector stations, 
properly spaced on a belt worn by the individual, 
permit the determination of the orientation of the 
body with respect to the source of neutrons to within 

L45°. 
may be used in such a detector system rather than 
Li®-encapsulated glass. Until the thermal-neutron 
dose approaches 5 per cent of the y-dose, the dis- 
one 


These experiments have shown that bare glass 


crepancy is not significant for this application 
tissue rad of thermal neutrons, 3.6 1029 n/cm?, 
produces a response in glass equivalent to approxi- 
mately 5 r of Co® y-rays). Further, if the neutron 
flux is measured near the glass, as in this case, the 
thermal-neutron-induced response of the glass can be 
calculated with sufficient accuracy for this applica- 
tion, and subtracted from the total response. In 
general, the thermal-neutron flux is a function of the 
fast-neutron flux. Therefore, in the event the response 
of the glass induced by thermal neutrons were much 
greater than that of the y-radiation, the fast neutron 
dose would be the critical parameter in most cases. 

For female workers, the detector stations can be 
attached inconspicuously inside laboratory coats by 
means of “‘iron-on’’ patches. 

Some prototypes of belt and laboratory coat devices 
are being tested at ORNL: some of these have been 
used for months without discomfort or complaint. 
The plastic-sealed detector station is about 1.5 in. 
long, 0.5 in. wide and 0.15 in. thick and can be 
inserted between two existing layers of belt or held 
to the inner side by a thin added layer. Four detector 


NOTES 


Fic. 1. A typical 7-dose and neutron-flux 

distribution about the waist of an anthro- 

pomorphous phantom exposed to a small 
critical assembly at a distance of 3 m. 


RELATIVE GAMMA DOSES ARE SHOWN 
RELATIVE FAST NEUTRON FLUXES ARE SHOWN 


RELATIVE 


stations and an attractive belt cost less than $10.00. 
In general, such detectors require no servicing except 
in the event of an accident. ‘The small plastic 
envelopes, complete with the detectors, were un- 
scathed after having been put through a complete 
automatic wash and dry laundering process. In the 
case of laboratory coats, care should be taken in the 
ironing process, as extreme heat could damage the 
plastic or excessive pressure could damage the glass 
rod. 

J. A. AuxreR 

F. W. SANDERS 
P. N. HENSLEY 


Health Physics Division 
Oak Ridge National Laboratory* 
Oak Ridge, Tennessee 
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Strontium-90 in the Total Diet 
(Received 23 December 1960 


‘TWENTY-SIX samples of the total diet (each comprised 
of forty-two meals plus snacks) were prepared by 
home economics departments of colleges and univer- 
sities using locally available foods and water at the 
widely scattered locations noted in ‘Table 1, in mid- 
November 1959. ‘The composition and method of 
preparation of these samples is described in Ref. 1. 
In addition, in eight cities, separate samples of milk, 
taken from the same bottles used in preparing the 
total diet samples, were also forwarded to the 
laboratory. t 

Each total-diet sample was twice run through a 
home-type garbage-disposal unit, in order to grind 
it to a consistent suspension. ‘The fairly stable slurry 
was mixed thoroughly with a large electric stirrer, 
and an aliquot of approximately 2 kg taken for 
analysis. The aliquot was evaporated to dryness in 
a stainless-steel beaker; the residue was burned to a 
red heat and then transferred to a porcelain dish and 
ashed at 650° for 6 hr. The ash was dissolved in 
6 N hydrochloric acid, and tested for strontium-90 
by the method described in Ref. 2, with several 
Calcium was determined by a com- 


3 and 4. 


modifications. 
bination of the methods described in Refs. 


+ The analytical work was performed by Isotopes, Inc., 
Westwood, N. J., under contract with Consumers !Jnion. 


NOTES 
Table 1. Strontium-90 and calcium in total diet and in milk samples, November 1959 


ytal-diet samples Milk samples 
Daily intake uc Sr 


c Sr® g Ca 


ium-90 and calcium in the milk and the ‘‘all other foods’’ portions of the total diet 


lotal diet per kg Strontium units in Ratios of S.U.’s 


| 
| 
} 
| 


milk 
in total- 


Sample ; 
diet 


Milk portion All other foods Milk All Total Total ( ther 
? other : diet to foods to 
portion diet 


sample foods milk milk 


g Ca uc Sr®° g Ca 


0.195 16.2 16.9 
0.15 AZ. 24.0 
0.21 8. 24.8 
0.10 11.6 18.0 


0.18 
0.055 
0.135 a : 
0.16 ; 9. 0.81 


Average 30. : a ; 0.15 9. x 24 1.93 


The analytical data is given in Table 1, in terms were obtained, and represents the relative contribu- 
of strontium-90 and calcium as well as in strontium _ tions of strontium-90 and calcium from the milk and 
units ("uc Sr®°/g Ca), for both the total-diet samples the non-milk (‘‘all other foods’’) portions of the total 
and the milk samples. diet. These were calculated on the basis of the known 

Table 2 deals only with the data from the eight proportions of milk in the total-diet samples, and the 
cities in which both total-diet and milk samples known strontium-90 and calcium contents of the milk 


NOTES 


samples. The ratios of the strontium units in the 
non-milk portions of the diet to those of the milk 
portions are given in the last column. These indicate 
that the strontium unit level of the non-milk part of 
the diet can be over four times as high as that of the 
milk, and that in general the milk portion of the 
diet, because of its high calcium content, lowered the 
strontium-unit level of the total diet, considerably in 
some Cases. 

The variations in the ratios of strontium units in 
the total diet to that in the milk, ranging from 0.94 
to 1.74, indicate that milk is not a reliable index of 
the strontium-unit level of the total diet, and that 
only total-diet studies (such as these) will yield good 
approximation of the strontium-90 ingested by the 
population in any given locality. 

Such total-diet samples can also be useful for 
determinations of total intake of other radioisotopes 
A report on radium-226 


in foods, e.g. radium-226. 


content of five of these samples has also been 


published.) 


IRVING MICHELSON 
Department of Public 

Service Projects 
Consumers Union of U.S., Inc. 


Mt. Vernon, New York 
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Radium-226 in the Total Diet 
(Received 23 December 1960 

Five samples of the total diet (each a composite 
containing up to forty-two meals plus snacks) were 
prepared in November 1959 by home economists in 
widely separated U.S. cities, using locally available 
foods and water. The nature of the diets represented 
and the method of preparation of these samples are 
Ref. 1. 
entire sample, 9.1-kg aliquots were dried, ashed at 
650°, the Ra*** 
emanation method. 


described in After homogenization of the 


and determined by the radon- 


The results of the analyses are given in ‘Table 1, 
d we J 
in terms of “uc Ra**® per kilogram of total diet, and 


per gram of calcium; the total daily intake of Ra**® 


is also presented. 

This study differs from that of Murn ef al. in 
that each test was made on a composite of more than 
100 foods plus local water, instead of calculating the 
total Ra?*® intake 
foods and several waters. 


from separate tests on twenty 


Nevertheless, the average 
daily intake found in these tests on U.S. foods agrees 
closely with the estimate of 3 suc average daily 
intake made by Mutu and his co-workers for a 
“standard man’”’ eating German foods. 

As was to be expected, Ra*=*® content of the total 
diet varied somewhat from one city to another: 
the highest differed from the lowest by a factor of 


1.8. 


probably, at least in part, to the commingling, in 


That it did not vary to a greater extent is due 


any city, of foods from many areas. 

The data from only five cities cannot be expected 
to yield a reliable average for the country as a whole, 
nor to furnish a good measure of the variability from 
area to area. An extension of this study is therefore 
under consideration. 


Table | 


lotal-diet samples 


Total 
weight 


kg) aliquot 


Austin, Tex. 
New York, N.Y. 
Nampa, Idaho 
Boulder, Col. 
Glencoe, Ill. 


Average 
Ratio 


ppc Ra**6 


per 9. l-kg 


low to high 


Daily intake 


per kg per ke é fae Ra 
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NEWS 


News Editor: J. J. FirzGeratp 


Public Health Service expands courses in radiological health 

During the past 500 
participated in radiological health courses at the 
Robert A. Taft Sanitary Engineering Center in 
Cincinnati, Ohio. 

These courses are designed for engineers and 
scientists engaged in various aspects of radiological 
health. The major purpose is to provide the trainees 
with a means to appraise the newest developments in 
the subject areas and to afford an opportunity for 
practice and application of the latest techniques. 
Information acquired at the undergraduate level is 
usually not included in these courses. A few general 
courses are offered for those in technical administra- 
to acquire an_ over-all 


year over trainees have 


tive positions who wish 
perspective of radiological health. 

The program this year has again been expanded. 
This expansion is reflected in the increase in both the 
number and frequency with which courses are being 
presented. The schedule this spring included: 


Radioactive Pollutants in Water—February 13-17, 
1961 

Radionuclides in Water 

Basic Radiological Health 

Sanitary Engineering Aspects 
March 27—April 7, 1961 

Reactor Environmental Health 
1961 

Radionuclides in Food—June 19-30, 1961 


February 20-24, 1961 
March 13—24, 1961 
of Nuclear Energy 


Problems——May 1-10, 


British OHS holds meeting on health physics 

The British Occupational Hygiene Society held 
a meeting in London on January 3 and 4, 1961, to 
discuss aspects of health physics. 

The program for the first day included discussions 


on: the biological effects of neutrons, the theory of 


the measurement of dose, instruments for the measure- 
ment of dose, and shielding against neutrons. 

The program for the second day included dis- 
cussions on: personnel dosimetry (the use and 
interpretation of film badges and pocket dosimeters), 
national film processing and recording service and 
problems of small-scale processing, and environmental 
dosimetry. 


Health phy sics research reactor to be built at ORNL 


A small research reactor to provide short bursts of 
radiation for biomedical and health physics research 
will be built at the Oak Ridge National Laboratory. 

The new reactor, designated Fast Burst Reactor, 
will consist mainly of a core of uranium—molybdenum 
alloy without shielding or moderator. Radiation 
exposure will be very small outside the limited access 
area. It will be located in a hollow enclosed by hills 
of sufficient height to provide adequate shielding for 
surrounding areas. The location is about two miles 
from the central ORNL 
directly east of the ‘Tower Shielding Facility. 

The Fast Burst Reactor project will include the 
reactor, a building to house the reactor and accessory 


facilities of and almost 


equipment, a storage vault and a separate control 
building. The control building will be located about 
800 ft away, behind a ridge, to provide a shielded 
The 


control building will also have laboratory spaces and 


facility for remote operation of the reactor. 


administrative and service areas for the research 
groups using the facility. The area surrounding the 
facility will be fenced to prevent uncontrolled access. 

The reactor design provides for a pulse of 40 psec 
consisting of fast neutrons as free as possible of 
thermal neutrons. In addition, the reactor can be 
operated under constant steady-state conditions at 
power levels up to 1 kW. The reactor will be operated 
from a special dolly at various heights up to 30 ft 
when in use at ORNL. Some experiments will be 
performed inside the reactor building while others 
requiring additional unobstructed space for certain 
measurements will be conducted in the open on a 
concrete apron. A boom derrick will be provided 
for outside use to permit operation between heights 
of 30 and 50 ft. 

The research program with the Fast Burst Reactor 
at ORNL will be concerned principally with radia- 
tion dosimetry in connection with instrument 
development and dose determinations and _ radio- 
biology programs involving both large and small 
In addition, the facility will be available 
ionizing 


animals. 
for programs involving medical 
radiation and solid-state physics, nuclear chemistry 


uses of 


and neutron physics research. 


NEWS 


Federal Radiation Council requests comments on questions 


radiation protection standards for selected 


) ling 
concerning 


dior lid 
radionuclide 


The Federal Radiation Council is presently 


considering the problem of providing radiation 
protection guides for selected radionuclides to be 
used in the control of human exposure from environ- 
mental sources. 

On May 13, 1960, the President approved the 
recommendations contained in a memorandum from 
the Federal Radiation Council on Radiation Protection 
Guidance for Federal Agencies. 
published in the FepERAL Recister, May 18, 1960. 
here was also released at the Staff 
Report No. | of the Federal Radiation Council 
Background Material for the Development of Radiation 
Protection dated May 13, 1960. Recom- 


mendations of the Council so far approved by the 


The memorandum was 


same time 


Standards, 


President provide numerical values for Radiation 
Protection Guides for the whole-body and certain 
organs of radiation workers and for the whole-body 
of individuals in the general population as well as an 
average population gonadal dose. 

The Council is currently studying the problem of 
providing guides to be used in the control of human 
exposure from environmental contamination with radioactive 
Initially, attention is being directed to 


materials, 


radium-226, strontium-89 and strontium- 


iodine-131, 
90, The 
scientists from the various disciplines involved in these 


Council and its staff are conferring with 
problems. Foci of the study are the current guides 
used by the Federal agencies on an interim basis in 
connection with these radionuclides. ‘These are based 
on recommendations of the National Committee on 
Radiation Protection and Measurements. 

The Council is currently studying the guides in 
the light of the biological risk for the benefits derived 
burden associated with the 


and the economi 


implimentation of these recommendations or guides. 


Prohibition of nuclear materials on Turnpike 
i 


Because of an insurance problem the Massachusetts 
lurnpike Authority has banned from the Turnpike 
The Authority 
accident on the 


vehicles carrying nuclear materials. 


is concerned that an Turnpike 


involving radioactive materials would close the 
lurnpike and jeopardize the finances of the Authority. 

The Authority recognizes that the transportation 
of nuclear materials on the ‘Turnpike would be less 
hazardous than the transportation of such materials 
on other highways. ‘The problem is receiving careful 
study, and it is hoped that a solution will be forth- 


coming in the near future. 


Wentworth Institute, Boston, Massachusetts, to offer nuclear 
technician program 


Wentworth Institute will offer in September, 1961, 
the first course in the United States for the training 
engineer technicians. ‘The Institute 
grant from the United States Atomic 
Energy Commission, the first ever made to a technica! 


of nuclear 
received a 


institute, to defray the cost of some of the necessary 
laboratory equipment. 


AEC amends regulation on land-burial of low-level 
radioactive waste 


The Atomic Energy Commission is amending its 
regulation on standards for against 
Part 20 
low-level packaged radioactive waste 


protection 
radiation to reflect its policy on land 
disposal of 
materials. 
Under the existing Commission regulation, Part 
20, licensees are permitted to dispose of very low 
concentrations of radioactive waste by burial in the 
soil. The Section 20.302 of AEC 
regulations, which became effective February 17, 
1961, permits licensees to continue this practice, but 
that the approve an 
application for license to receive radioactive waste 


amendment to 


states Commission will not 
material from other persons for disposal on land not 
owned by the Federal or State Governments. A 
proposed amendment to this effect was published in 
the Federal Register on February 4, 1960 allowing 
30 days for public comment. ‘To date the Commission 
has issued no licenses to receive waste materials from 
other persons for burial on non-Government-owned 
land. 

In January of 1960 the Commission announced 
that it had determined that regional sites for perma- 
nent disposal of low-level radioactive waste would be 
established, as needed, on State or Federal Govern- 
ment-owned land. Placement of the waste materials 
lands, under 
Government control, will assure adequate protection 
of the public health and safety throughout the period 
of any potential hazard. 

Pursuant to this policy, the Commission has made 
available its land-burial sites at Oak Ridge National 
Laboratory, Oak Ridge, and at the 
National Reactor Testing Station near Idaho Falls, 
Idaho, for the disposal of low-level wastes by AEC 


in Government-owned long-term 


‘Tennessee, 


licensees. 

Che types of low-level wastes to which the Com- 
mission’s policy applies include broken glassware, 
paper wipes, rags, ashes, animal carcasses, laboratory 


paraphernalia and other similar things which can 


no longer be used in experiments. 


NEWS 


EURATOM, UKAEA and USAEC to distribute 
translations of nuclear literature 

The European Atomic Energy Community 
(EURATOM), the United Kingdom Atomic Energy 
Authority and the United States Atomic Energy 
Commission have agreed to pool their efforts to 
collect and _ disseminate concerning 
translations of nuclear literature, especially from such 


information 


languages unfamiliar to Western readers as Russian 
and Japanese. A central information office ““Trans- 
atom”’ has therefore been established ac Euratom’s 
Brussels headquarters. It will function in two ways: 

Firstly, by publishing from December 1960, a 
monthly Tyransatom Bulletin, which will list existing 
translations recently reported to the Brussels Office, 
as well as new translations planned by international 
or national institutions and private firms in the 
European Community, the United States, the United 
Kingdom and in other countries. 

Secondly, all data relating to translations, includ- 
ing those made before the establishment of ‘“Trans- 
atom’’, are being collected and recorded in a master 
file system at Brussels. Copies of this card file have 
been offered to appropriate institutions in countries 
with great interest in the nuclear field. 


Food irradiation committee of AIBS to advise the AEC 

At the request of the Atomic Energy Commission, 
the American Institute of Biological Sciences has 
established a committee of scientists to consult with 
the Commission’s Division of Biology and Medicine 
and Office of Isotopes Development on radiation 
processing of food. 

The committee will consider and advise on certain 
technical phases of the Commission’s program aimed 
at extending the refrigerated shelf-life of selected 
food products through low-dose radiation processing. 

The committee, will also advise the Commission’s 
Office of Isotopes Development and the Division of 
Biology and Medicine on technical considerations 
involved in the processing of specific marine, fruit 
and vegetable products. Particular emphasis will be 
placed on food technology, nutrition and wholesome- 


ness studies. 


AEC publishes four amendments to regulation for radiation 
protection standards 

The Atomic Energy Commission has issued four 
amendments (to Part 20, Title 10 of the Code of 
Federal Regulations) designed to clarify and simplify 
its regulations for the protection of employees in 
atomic energy industries and the general public 
against hazards arising from the possession or use of 
radioactive materials. 


Section 20.3 (a) (4) (i) of the regulation is amended 


233 


to permit three-month calendar quarters to start on 
any date in January, April, July or October rather 
than only on the first of the month and to permit 
calendar quarters which are determined on a weekly 
basis to consist of alternating 14-week and 12-week 
periods, rather than only 13-week periods. 

Section 20.206 is amended to require posting of 
AEC-3 in that 
employees working in or frequenting restricted areas 


Form such locations as to assure 
will observe the notice on the way to or from work, 
rather than to be posted in every establishment where 
licensed activities are being carried on regardless of 
whether there are any restricted areas in the establish- 
ment which require radiation protection control 
measures. 

Section 20.3 (a) (14 


part as any area, access to which is controlled by the 


defines ‘‘Restricted Area”’ in 


licensee. Some licensees have requested clarification 
of the definition since access is controlled to many 
areas which have no relation to radioactive material. 
The definition has been changed by adding the 
phrase ‘“‘for purposes of protection of individuals 
from exposure to radiation and radioactive materials’’. 
A corresponding change has been made in the de- 
finition of an unrestricted area.in Section 20.3 (a) (17 
The Appendix “‘B’”’ Note in the regulation specifies 
methods of general applicability for determining 


“ee 


limits for concentrations of radioactive isotopes in 
air or water where there is a mixture of more than 
one radionuclide. Because of the unique physical 
and chemical state of the mixture of radionuclides 
in uranium-ore dust, a concentration limit specifically 
applicable to such a mixture in the dust has been 
added as paragraph 4 to the Appendix “B” Note. 


AEC revises regulation controlling source material 

The Atomic Energy Commission has revised its 
regulation governing the control of source material 
thorium and natural and depleted uranium 

Under the revised regulation, possession of up to 
15 lb of source material at any one time by a phy- 
institution, or by 


sician, pharmacist or research 


persons receiving such material in medicines or 


drugs, will be generally licensed; that is, a specific 
license will not be required. ‘The same 15-lb general 
license will apply to commercial and industrial firms 
using source material for 


or medical institutions 


educational, developmental or commercial purposes. 


Receipt of source material by a generally licensed 


person will be limited to 150 lb a year. 

The revised regulation includes a general license 
to receive title to source material. ‘This will facilitate 
transactions in which the buyer does not take actual 
physical possession. ‘There will also be a general 
license to export quantities of up to 3 lb at any one 
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time to specified destinations. Specific licenses will 
be required for export of larger quantities. 

Certain finished products containing uranium or 
licensing 
incandescent gas 


thorium will be exempt from domestic 


requirements. These include 
mantles, vacuum tubes, and welding rods containing 


thorium, as well as some types of glazed ceramic 


tableware containing not more than 10 per cent of 


source material. Photographic films, negatives and 


prints containing uranium or thorium will be 


exempt; as will any finished product made of or 


containing tungsten—-thorium alloys not exceeding 


t per cent thorium by weight, providing no treatment 


or processing is involved. Exemption from licensing 


requirements with respect to uranium contained in 


aircraft counterweights will be continued. 


AEC publishes 


biological and medical research 


second in series of pamphlets describing 


The Atomic Energy Commission has published the 
second in a series of pamphlets describing its life 
The 
acquaint scientists, students and interested members 
of the 


sciences research program. purpose is to 


with the biomedical program, its 


The 


toward the 


public 
objectives and needs. Commission’s biomedical 
program is directed 
knowledge of the effects of nuclear radiation from 
any sour natural or man-made——upon living 
things. 


[he booklet, Research”’, 


prepared under the direction of the Commission’s 


titled ‘‘Genetics was 


Division of Biology and Medicine. It summarizes 


work in progress at forty-nine institutions through 


101 research contracts or projects in the following 


major areas: 1) cytogenetics; (2) gene action; 


3) genetics of populations—-population dynamics 
effects of 
5) mammalian genetics; (6 


and mutations: 1) human genetics; 


microbial and _ bio- 


chemical genetics; (7) molecular radiation genetics: 


8) mutation-rate analysis; and (9) plant breeding 
and crop improvement. 

I'he Commission’s genetics program involves the 
study of genetic principles and mechanisms and the 
effects of radiation on these mechanisms, together 
with observations on the gross effects in populations 
or organisms. Projects in the area mentioned above 
are intended to explore the mechanisms of radiation- 
induced genetic damage, the expression of this 
damage in individuals and populations, and the 
mode and rate of elimination of the damage over 
many generations; 
the normal chemistry of genetic materials as pre- 
requisite to understanding the way in which radiation 


acts upon these materials; to and study therapeutic 


accumulation of 


to develop an understanding of 


techniques for the prevention or reduction of potential 
radiation hazards to genetic materials. 


Delaware River Port Authority takes out insurance policy 
against nuclear damage or contamination 

The Delaware River Port Authority has taken out 
a $10,000,000 insurance against nuclear 
damage and contamination, to the Benjamin Franklin 
or Walt Whitman Bridges or anyone using them. 

The policy, the first of this type, protects against 
injury, sickness, death or loss of property resulting 
from any nuclear incident, involving any user of the 
bridges which link Philadelphia and Camden. 


policy 


Employees have been given a set of regulations 
that involve actions to be taken in the case of nuclear 
incidents. ‘The regulations note that since many 
radioactive elements are now carried by truck there 
is a “rare” possibility of an incident that would 
involve the spillage of radioactive materials on the 
bridges or the approaches to the bridge. 


Consumers Union to make dietary radioactivity stud) 

The U.S. Atomic Energy Commission has awarded 
a research Union, Mount 
Vernon, New York, for partial support of studies of 
radioactivity in sample diets prepared in twenty-five 
The AEC will provide 
$20,000 for the 1961 co-operative study which is a 


contract to Consumers 


cities in twenty-two states. 


continuation of a 1959 survey made by Consumers 
Union independent of Government support. It will 
be directly related to dietary studies carried out by 
the AEC’s Health and Safety Laboratory at New 
York. 

The purpose of the study is to obtain further 
information on radioactivity in the total diet in the 
United States. In all of the cities, total diet samples 
will be analyzed for strontium-90 and _ naturally 
occurring calcium and radium-226. Among the 
twenty-five cities where total diets will be sampled 
will be New York City, Chicago and San Francisco 
where the Health and Safety Laboratory is currently 
analyzing individual food items for radioactivity. 
The Consumers Union study will also include, in 
these and possibly several other cities, analyses for 
man-made radioisotopes cesium-137, cerium-144, 
plutonium-239 and zinc-65 as well as the naturally 
occurring radioisotope lead-210. Chemical analyses 
will be made also for natural isotopes of potassium. 

The AEC’s program is one of research rather than 
monitoring foods and diets throughout the United 
States, and the results obtained from this research 
program useful in 
dietary levels of radioactivity. 

The diet samples will consist of three prepared 


may be estimating regional 
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meals per day for a two-week period or a total of 
forty-two meals and “snacks of teenagers.” In the 
three metropolitan areas (San Francisco, Chicago 
and New York), the study will also include diets of 
several age groups and economic levels. In all 
twenty-five cities, food will be purchased from local 
retail markets and prepared locally as for consump- 
tion. Then the meals will be packaged in special 
plastic containers and shipped to Consumers Union’s 
consultant radiochemistry laboratories. In some areas 
separate samples of milk and whole-wheat products 
included in the total diet samples will be analyzed 
in order to estimate their contribution to the radio- 
activity of the diet. 


Special ten-week course in health physics at ORNL 


The ORINS Special Training Division and the 
Health Physics Division of Oak Ridge National 
Laboratory conducted a special ten-week course in 
health physics in Oak Ridge in 1961 for the U.S. 
AEC. 

The first four weeks was presented by ORINS, 
January 9-February 3, 1961, and repeated 
March 6-31, 1961. The remaining six weeks, 
April 3-May 13, 1961, was conducted by ORNL. 
The ORINS portion of the course was devoted to 
basic radiation physics and radioisotope techniques, 


was 


and participants selected either session. ‘The single 


Division 
various 


session in the ORNL Health 
consisted of lectures and 
aspects of health physics and on-the-job training in 
applied health physics. 

Purpose of the course was to provide training in 
health physics for representatives of state and local 


Physics 
discussions on 


governments. The course included academic training 
and work experience for persons who are concerned 
with licensing and inspection functions for their 
states; however, it was not intended that this be 
purely a course in the “‘art”’ of licensing and inspect- 
ing. 
The 
encouraging the states to assume control of certain 
the 


course was conducted as another step in 
radioactive materials under an amendment to 


Atomic Energy Act passed in September 1959. 


AEC requires reports from licensees on transfers of special 


nuclear mate; :al 


The AEC has issued an amendment to Part 70 of 


its regulations requiring reports from special nuclear 
material licensees concerning individual movements 
of such material. 

The amendment prescribes 2 standard transfer and 
AEC-388 


receipting form to be used by special 
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nuclear material licensees in initiating and receipting 
shipments of the specified material. The form is used 
in conjunction with a standard special nuclear 
material lease agreement executed with licenses. 
The receiving licensee’s signature on this form, if the 
transaction involves a transfer of lease responsibility, 
binds the licensee under his lease agreement for the 
quantities described on the form. 

The amendment was published in the Federal 
Register on August 17, 1960, for comment by interested 
persons and organizations. ‘The comments submitted 
taken the Commission in 
issuing the effective rule. 


were into account by 


Radiation Health and Safety Institute is proposed 


The idea of establishing an Institute on Radiation, 
first conceived in May, 1960, has taken roots. An 
informal working assembled at Chicago 
recently and drafted a statement of proposed objec- 
tives, and set out to answer basic questions of 
organization: status and funds. This group declared 
its primary objective was: to help the public gain 
understanding on the meaning and effects of radiation 
by creating an institution to which the public could 
turn with complete confidence for radiation informa- 


group 


tion. Still unanswered is the question of status. 

The group sought to decide whether to organize 
independently or attempt to affiliate with a university. 
On funding the institution, the group sought answers 
to long-range financial commitments required to 
support the They 
establish the institution’s needs for a period of several 
years at $500,000—$1,000,000. ‘They will ask for 
grants from foundations interested in supporting 
such a program. Working papers during 
preliminary talks emphasize essentials the group feels 


organization. did, however, 


used 


imperative to the success of the organization: ‘The 
institute must be free from any semblance of sub- 
ordination to any group identified in the public 
mind with special interests’; and “in order to 
attain practical acceptance among those working in 
the field, the institute must intimate 
working relationship with all groups”’. 


maintain an 
Those active 
in the working group include: F. Atey ALLAN, 
Mobil International Oil Co.; Jor W. HowLanp, 
Rochester; Cuartes F. MacGowan, 
International Brotherhood Joun 
H. Rust, Univ. of Chicago; Etwoop Swisuer, Oil, 
Chemical and Atomic Workers; G. Epwin Brown, 
AIF; WituiirAm A. McApams, Electric; 
C. Rocers McCuttouGcnu, Nuclear Utilities Service 
Co.: BERNARD B. Smytu, Lohnes, & 
Albertson, Washington, D.C., law firm. 


Univ. of 


of Boilermakers; 


General 


and Dow, 
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Ak sels up neu co-ordination office 


\EC grants for nuclear equipment and other 
types of training assistance in nuclear technology 
will now be administered from one office. This new 
co-ordination office is established within that of the 
\ssistant Manager for Research 


Industrial Development under ALFoNso 'TAMMARO. 


General and 


Joun C. Cerra, previously chief of education and 


training for the Reactor Development Division, will 


be the first co-ordinator, reporting directly to 


PT AMMARO. Under CERA’s single management will 


fall AEC 


chases ol 


grants—domestic, not foreign—for pur- 


nuclear equipment; loans of source, 


by-product and special nuclear materials: special 


\EC fellowships in nuclear science and engineering, 
health physics and industrial hygiene; training for 


prospective nut lear power station operators, and 


facility training for high school and college teachers 
in handling radioisotopes. 


When AEC 


discontinue training reactor grants, a major reason 


announced last August it would 
was removed for having the Reactor Development 
Division handle the training grant program. CERA’s 
stafl 


higher 


was transferred out of a single division to a 


level. [his move is one of many reflecting 
\EC’s effort to consolidate assistance programs now 
scattered throughout the divisions of Reactor Develop- 
Medicine, Research, 


Office of Isotope Development.) ‘To replace train- 


ment, Biology and and the 


ing-reactor assistance, AEC plans to provide less- 


expensive subcritical assemblies and reactor simu- 
existing university research 


lators. However, for 


reactors AEC will still provide fuel loans, start-up 
sources, fuel fabrication and reprocessing services. 


The National 


assume primary 


Science Foundation will continue to 


Federal responsibility for giving 


construction aid for such reactors. 


AEC’s wsotopre powe? for space under way 


A four-part program on the safe use of isotopic 
power in space has been authorized by the AEC. 
Martin Company will manage the entire program. 
One of the four investigations planned is aimed at 


confirming theoretical burn-up data on re-entry of 


isotopic generators by firing simulated or actual cores 
into space. 
The 


1) hazards of landing a radioisotopic generator on 


other aims of the study program cover: 
the moon 
different isotopes, etc.); (2) hazards of launching a 
generator from Cape Canaveral (all previous studies 
have based on a West Coast launching 

primarily Vandenberg AFB in California); and 
3) development of a shielding code for isotopic 


been 


dispersion, length of contamination of 


generators (with a given isotope, what shielding is 
required? what is best shield shape, weight? how 
much radiation is self-absorbed ?). 

Curium-242, polonium-210, cerium-144 and _ plu- 
tonium are the chief nuclides expected to be studied. 
They are considered the best sources for use in space 
since they require less shielding than, for example, 
strontium-90. Generators using strontium, cesium, 
and mixed fission products are expected to be used 
in terrestrial and marine applications, where shield- 
ing weight and size are not as crucial as in space. 
Martin and AEC having just begun negotiations, the 
of the defined; 
financial and other details are still to be worked out. 


extent space program is not yet 


Tritium cleared for non-licensed use on dials 


AEC has issued its first licensing exemption for 


the use of a radionuclide on luminous watch and 


other dials. The exemption permits purchasers of 
watches and other timepieces using tritium to do so 
from the AEC. 
applying the tritium to dials, however, would be 
subject to fairly strict AEC control. 

Under the exemption, not more than 25 mc may 


without getting a license Those 


be applied per timepiece, and manufacturers must 


present the timepiece for prelicensing inspection by 


\EC, to demonstrate that AEC’s standards will be 


met. AEC is also reviewing other nuclides for such 


clearance. 


Stanford Research Institute issues training guide 


The Stanford Research Institute has completed 
work on AEC 
leading to and the development of three thirty-two- 
hour adult covering the 
following aspects of nuclear technology; (1 
safety training; (2) training for radioisotope workers 
in industry; and (3) training for operating and 
maintenance personnel in nuclear power generation 


contracts encompassing research 


basic education courses 


radiation 


systems. 

The research objectives followed by Stanford in 
developing these courses were: (1) to assess the 
scope and magnitude of training needs that now 
exist or that may be expected to arise as a consequence 
of the (a) development of nuclear power generation 
systems and (b) the increasing use of radioisotopes in 
industry; (2) to design (a) basic survey courses 
appropriate to the fundamental training needs in 
each of these areas and (b) general plans fer more 
advanced courses consistent with training needs; 
(3) to ascertain the effectiveness of these courses in 
trial presentations conducted in adult vocational 
educational programs; and (4) to modify the design 
of these courses as might be indicated by the results 
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As a result of these studies, 
instructor’s guides were developed and the effective- 
ness of these courses evaluated in trial presentations. 

The study resulted in the following publications: 


of trial presentations. 


(1) Development of Training Programs for Operat- 
ing and Maintenance Personnel in Nuclear 
Power Generating Systems 
Instructor’s Guide: Survey of Nuclear Energy 
and Power Plant Applications 
Trial Presentations of a Nuclear Energy Train- 
ing Course in Two Adult Vocational Education 
Programs 
Preparation for Nuclear Energy Training in a 
Trade Union 
Development of a Radiation Safety Training 
Program for Industrial and Public Service 

Personnel 

Instructor’s Guide: Radiation Safety 

Radiation Safety Training in a Naval Shipyard 

Development of a Training Program for Radio- 

isotope Workers in Industry 

Instructor’s Guide: Survey of Nuclear Funda- 

Radioisotope Applications in 


mentals and 


Industry 


EET task force examines radioactive waste proble m 


The Edison Electric Institute published a report, 


prepared by Pickard—Warren—Lowe Associates under 


the guidance and direction of the EEI Technical 
Appraisal Task Force on Nuclear Power, on *‘Radio- 
Waste Handling in the Nuclear 
Conclusions were drawn in this report 


active Power 
Industry”’. 
with respect to: 
1) The production of radioactive waste 
2) The cost of handling the waste 
3) The storage capacity or requirements 
4) The magnitude of discharged waste 
5) The radiation levels of the discharged waste 
6) The radiation exposures of personnel 
One of the more interesting sections of the EEI 
report is concerned with an effort to estimate radia- 


tion exposures to the general population from nuclear 
and to estimated 
exposures with exposures to the same population 


power stations compare these 
from other sources. The resulting comparisons, based 
on genetically significant dose ranges (total gonad 
dose per person) and excluding doses to occupation- 
ally exposed persons, are tabulated below (Table | 
The estimates are made in terms of persons living in 
the U.S. for the next 30 years and the values indicated 
are for a 30-year period. 


Personnel dosimeter of automatic alarm type developed 
at ORNL 

Oak Ridge National 
nounced the development of a Personal Radiation 
Monitor (PRM 


y-radiation 


Laboratory recently an- 


which can detect and measure 
200 r/hr. The 


mercury battery powered device is no larger than a 


up to transistorized, 
fountain pen and uses a miniature Geiger counter. 
In a y-field, the device lights up and emits a warning 
tone, the signals increasing in intensity as the radia- 
tion rises so that the direction of the danger may be 


quickly determined. 


Idaho Chemical Plant criticality 

A “low-level criticality’? occurred January 25, in 
a cell at the AEC’s Idaho 
Plant enriched 
accidentally surged from a geometrically safe con- 


Chemical Processing 


“when an uranium-235_ solution 
tainer into one that led to momentary occurrence of 
a chain reaction”. The AEC said there were “‘no 


significant personnel exposures”. ‘The plant was 
evacuated for five hours after automatic monitoring 


instruments indicated a radiation rise. 


Hazard evaluation branch of AEC issues proposed rules on 
reactor site criteria 

The AEC has published in the Federal Register a 
proposed regulation stating the criteria which it will 
consider in determining the suitability of proposed 
sites for power and testing reactors. Public comments 


Table | 


Minimum dose 


Source of exposure ' 
(rem) 


Natural radiation 2.0 
Medical and dental procedures 1.0 


0.05 
0.01 
0.003 


Fallout from weapons 

Luminous dials and television sets 
Spent fuel recovery sites 

Electric power reactor sites 


0.0000001 


Maximum dose 
(rem 


Average dose 
(rem) 


6.2 4.1 

5.0 3.0 

0.4 0.22 
0.2 0.1 
0.13 0.066 
0.0001 0.00005 
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are invited through June 10 on the proposed criteria 
10 CFR Part 100 
The AEC said the proposed guides were designed 
to avoid serious injury to persons off-site “if an 
unlikely but still credible accident should occur’’, 
to prevent a catastrophe in the event of a more 
serious accident “‘not normally considered credible’, 


and to ensure that “the exposure of large numbers of 


people in terms of total population dose should be 
low”. The AEC said the problem of total population 
dose would require further study, and meanwhile 
“‘distances to very large cities may have to be greater 
than those suggested by these guides”’. 

The proposed regulation points out that the criteria 
‘“‘apply primarily to reactors of a general type and 
design on which experience has been developed”’. 
Chey may also be applied, but more conservatively, 
to reactors which incorporate design novelties or 
which are of types unproven by prototypes. 

In evaluating a site, the Commission would take 
into consideration the character and extent of the 
exclusion area, the surrounding ‘“‘low population 
the distance from the nearest large population 
seismology, 


area”’, 
center, physical characteristics of the site 
meteorology, geology and hydrology, and the charac- 
teristics of the reactor, including the extent to which 
it incorporates unusual features having a bearing on 
accidental releases of radioactive material. 

It is pointed out that “‘where some unfavorable 
physical characteristics of the site exist, the proposed 
site may nevertheless be found to be acceptable if the 
design of the facility includes appropriate and ade- 
quate compensating engineering safeguards”. 

The ‘exclusion area”? surrounding a reactor is 
defined as one which the operator fully controls and 
Under 
certain conditions the area may be traversed by a 
It must be of such 


in which residence is normally prohibited. 


highway, railroad or waterway. 
a size that an individual located at its boundary for 
2 hr following a postulated fission release would not 
receive more than 25 rems whole body radiation or 


more than 300 rems in thyroid irradiation from 
iodine exposure, 

The ‘“‘low population zone” surrounding the ex- 
clusion area is defined as an area ‘“‘which contains 
residents the total number and density of which is 
such that appropriate protective measures could be 
The 


permissible population 


taken in the event of a serious accident’’. 


guides do not specify a 


density or total population within the zone, since the 


possibility of taking ‘‘appropriate measures”? depends 
on many factors which will vary from place to place. 
the zone is determined in much the 


Che extent of 
same way as for the exclusion area: a person standing 


on its outer boundary during the entire period of the 
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passage of a radioactive cloud resulting from a postu- 
lated release of fission products must not receive 
more than 25 rems in whole body radiation or more 
than 300 rems in thyroid irradiation from iodine 
exposure. 

The distance from the nearest population center 
would be at least 14 times the distance from the 
reactor to the outer boundary of the low population 
zone. However, “where large cities are involved a 
greater distance may be necessary”’. 


Public Health Service and Department of Interior conduct 
long range study of activity in Savannah River 


The Public Health Service and the Department of 
Interior are conducting a long-range study of radio- 
activity in the estuarial waters of the Savannah 
River, near Savannah, Georgia. 

The purpose of the study is to trace the routes of 
radioactivity in a marine environment from its 
source to possible human consumption via_ the 
“food chain’’, and to study factors affecting the uptake 
or reconcentration of radioactivity by various forms 
of marine life. Measurement of the levels of radio- 
activity present in the marine environment, including 
water, fish, mollusks, aquatic plants, silt and sus- 
pended solids, will be conducted by the Public 
Health Service in the estuary and, later, in the 
upstream waters of the river. 

The Savannah River estuary was selected for the 
study since it represents one of the best of a few river 
systems in the U.S. suitable for the study of radio- 
activity in marine waters. The presence of a nuclear 
reactor plant upstream, between Atlanta, Ga., and 
Aiken, S.C., 75 miles from the Atlantic, which 
employs the river for limited disposal of radioactive 
waste material, makes the Savannah River an ideal 
location for a survey of this type. 

The Public Health Service jointly with the AEC 
has routinely collected and tested samples of Savannah 
River water since 1957. According to the Public 
Health Service the levels of radioactivity reported by 
this program continue to remain well within the 
limits recommended as acceptable by scientific 
advisory groups and the Department of Health, 
Education, and Welfare. 

The initial phase of the new study will consist of 
monthly and seasonal collections of water and silt 
samples, shrimp and crabs, oysters, minnows and 
other types of fish life, together with marine plants. 
The samples will be examined by the Public Health 
radiological laboratory at Montgomery, 
Alabama, where an analysis for specific radioactive 
substances such as strontium-90 will be conducted. 
The Fish and Wildlife Service of the Department of 


Service 
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the Interior is performing specialized analyses of 
marine organisms. 

The U.S. Coast Guard is providing ships and crew 
for carrying out the marine sampling program at the 
Atlantic outlet of the Savannah River. 


Draft of site selection formulas prepared by ASA N 6.1 


The American Standard Association Sub-Commit- 
tee on Reactor Site Evaluation, under the chairman- 
ship of R. O. Brirran, has written a draft of the 
mathematical procedure for carrying out the require- 
ments set forth in parts 1 and 2 of the standard. 
The procedure consists in a determination of the 
radioactive load on the barrier, the 
driving force acting on the radioactive material to 
degree of pene- 


containment 


penetrate the barrier and the 
tration. 

The procedure also requires a determination of 
the influence of land control on the reduction 
of radiation injury and the long-range influence of 


radioactive contamination. 


Status of Idaho accident investigation 


Motion pictures have provided the first interior 
views of the SL-1 reactor vessel at the National 
Reactor Testing Station in Idaho. The SL-1 was 
the reactor involved in the nuclear criticality accident 
of January 3, 1961. The motion pictures were taken 
February 22, 1961, at Idaho and developed there, 
and were received at Atomic Energy Commission 
Headquarters on February 27. 

Severe damage to the core was disclosed by the 
motion pictures looking down through five 24-in. 
long, 6-in. diameter nozzles penetrating the head of 
The motion pictures showed bending, 
The motion 
bubbles, 


the reactor. 
wrenching and expansion of the core. 
pictures also disclosed the presence of 
evidence that there is water in the core. 

The motion pictures showed additionally that four 
of the five control-rod blades appear to be partially 
or fully in the core, and that one appears to be 
entirely out of the core. 

Radiation readings taken 2 ft above the reactor 
vessel from a meter attached to the camera indicate 
a level of about 650 r/hr. Readings in the reactor 
room since the accident have ranged from 500 to 
1000 r/hr in different parts of the room. 

The motion pictures were obtained with a motor- 
actuated camera suspended from a crane boom and 
moved back and forth across the top of the reactor 
vessel within the framework of an “‘index’’ template. 
The crane-operator, at ground level, was directed 
by telescope-equipped observers peering into the 
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second-story reactor room from a wooden tower 
200 ft distant. A photograph interpreter from the 
Naval Photo Interpretation Center, Suitland, Mary- 
land, was at the test station to assist in planning the 
photography, and in the interpretation. He will 
continue to be available in Washington for this 
work. 

The distance and remote manipulation are neces- 
sary to shield the workers from the high levels of 
radioactivity that persist at and near the top of the 
reactor. 

Aerial and ground monitoring indicate that the 
airborne activity is being confined largely to the 
reactor building and the immediate vicinity. Direct 
radiation from the reactor building has shown no 
Calculations from the 
1.1 r/hr at 


increase since the accident. 
direct radiation readings are as follows: 
1000 ft and 0.002 r/hr at 2000 ft. 


Radiologic physics 


A one-year course in radiological physics, leading 
to the degree of Master of Science, is offered under 
the auspices of the Department of Radiology of the 
College of Physicians and Surgeons of Columbia 
University. It is designed to prepare candidates to 
carry out all the functions of a physicist in a hospital 
department of radiology; it would also furnish a 
foundation for those who wish to engage in research 
or applications in radiologic physics, radiation 
protection, and dosimetry. ‘The 
lectures, seminars, conferences and laboratory work. 
and advanced 


course includes 


Topics included are elementary 
radiologic physics, electronics, radiation standardiza- 
tion and protection, radioactive isotopes, biostatistics, 
radiobiology, instrument design, and clinical ap- 
plications of radiation physics. Prerequisite for 
admission is a bachelor’s degree with a major or 
strong minor in physics, or equivalent scholastic 
background, and a good academic record. A know- 
ledge of general chemistry and general biology is 
very desirable. 

As part of its national program for the training of 
radiological health specialists, the Division of Radio- 
logical Health, Public Health Service, has awarded 
a grant to the University enabling financial assistance 
to qualified candidates. This aid will be in the form 
of tuition waiver as well as monthly stipend allow- 
Applicants must be citizens of the United 
Prefer- 


ances. 
States or have filed a Declaration of Intent. 
ence will be given to candidates who are sponsored 
by public health agencies for work in their area of 


responsibility or in closely related fields. 
Inquiries should be addressed to Dr. H. H. Rosst, 


630 W. 168th Street, New York 32, New York. 
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New England Chapter of the HPS 


The newly organized New England Chapter of 
the Health 


members recruited since June 1960. At the 


Physics Society boasts of seventy-five 
first 
meeting, Officers were elected and the framework of 


the Chapter outlined. 


Elected: Josepu FirzGERALD, President 
RUSSELI President-Elect 
Joun D. Murpnuy, Secretary—Treasurer 


Cowlinc, 


Dr. WALTER D. Craus of the Division of Biology 
Medicine, U.S. 
spoke at the second meeting. 
Health 
Health 
important profession, increasing consideration must 


be Piven 


and Atomic Energy Commission, 
His topic was the 
With growing 


“Status for the Physicist”’. 


recognition of Physics as a distinct and 


to the establishment and maintenance of 
proke ssional status. 

Mr. Lester R. Rocers of the 
Division of Licensing and discussed 
litle 10, Code of Federal Part 20. 
Implementation of these revisions has technically and 
affected the work of all Health 


Physicists. Mr. Rocers has assisted us in developing 


\t the last meeting, 
Regulations, 
Regulations, 


administratively 
a clearer understanding of these regulations. 


News from the United Kingdom—H. J. DuNsTER 


Iwo important reports on radiation hazards have 
United The 
first of these is the second report on Radiological 


appeared recently in the Kingdom. 


committee 
This 


dose to the population 


Hazards to Patients, prepared by the 
under the chairmanship of Lorp Aprrian.“) 
report reviews the genetic 


from the medical uses of radiation, and concludes 
that the genetic dose amounts to 19.3 mr per person 


14.1 mr 


results from diagnostic radiology. 


per year, of which per person year 


The 


considers that these figures do not indicate any need 


per 
committee 


for major restrictions in radiological practice, but 
makes recommendations which would substantially 
reduce the doses without any detriment to the examin- 
ation or treatment. 

Che other report is the report on the 
**Hazards to Man of Nuclear and Allied Radiations”’, 
prepared by the committee under the chairmanship 


sec ond 


of Sir Harotp Hmswortu.™) The report includes 


comprehensive reviews of the recent developments 
in the knowledge of the effects of radiation on the 
health of the individual and the population, and an 
of the 


Detailed supporting information is in- 


assessment foreseeable levels of exposure to 


radiation. 


cluded in appendices. The report will be of immense 


interest and value to everyone working on the 


problems of radiological health and safety, and the 
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chapter on the assessment of hazards should be read 
by anyone who has an interest in the implications of 
the development of nuclear power and the uses of 
radiation. Some of the major points in this chapter 
are summarized below: 


Information gained since the 1956 report suggests 
that the severity of early effects of acute dose, the 
risk of developing leukaemia as a result of radiation 
exposure, and the number of mutations resulting 
from low levels of irradiation, may all be somewhat 
less than was previously estimated. The Committee 
do not consider, however, that these changes are 
sufficiently well established to warrant any relaxation 
in their previous recommendations. 

The compare the 1958 
Recommendations of the ICRP with 
they themselves made in 1956. 


1959 
which 


and 
those 


Committee 


The differences are 
not great and the Committee formally advocate the 
adoption of the IGRP Recommendations subject to 
certain qualifications. ‘These are discussed in detail 
in Appendix I. There are three significant departures 
ICRP Recommendations. 
pationally exposed below the age of eighteen years 


from the Persons occu- 
should be restricted to 1.5 rems per year compared 
with the ICRP figure of 5 High 
accidental exposures must be included in full in the 


rems per year. 


accumulated dose, but five years are allowed for 
working off any excess over the permissible dose. 
In no case may any part of the dose be ignored for 
this purpose. Finally, it is suggested that there should 
be a working limit to the permissible genetic dose to 
the population as a whole, and that this limit should 
be based on the sum of the lowest practicable 
contribution from each source of genetic dose. ‘The 
working limit should be less than the ICRP figure, 
which is 5 rems per generation plus the lowest 
practicable contribution from medical exposure of 
patients. 

After reviewing the possible dangers from the 
testing of nuclear weapons, the Committee conclude 
that strontium-90 is the most valuable single indicator 
of possible total hazard. ‘They derive a maximum 
permissible concentration in human bone by the 
direct application of ICRP Recommendations. ‘The 
values are 67 wyc/g Ca for the average over the whole 
population, and 200 suc/g Ca for any individual 
member of the population. ‘The Committee consider 
that, because of the need for caution and for making 
allowances for other sources of radiation, the situation 
would require re-assessment if the average concentra- 
tion of strontium-90 in bone in any age group were 
to rise to 33 ywuc/g Ca. The present value for young 
children (the age group for which the values are 


highest) is, on the average, about 3 uwyc/g Ca, with 
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a spread of about a factor of 3 in either direction 
from the mean. 


A recent development which can be expected to 
have a considerable influence in the United Kingdom 
International Atomic 


is the publication by the 


Energy Agency of Regulations for the Transport of 


Radioactive Materials. Considerable has 
already been made in redrafting United Kingdom 
transport rules and it is to be hoped that all countries 
will ultimately find it possible to base their own rules 


on the I.A.E.A. Regulations. 


progress 
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News from Canada—J. Neu 

Mobile Change Room 

The Radiation Hazards Branch at the 
Chalk River Project in Canada has developed, built 
and operated a mobile change room (Fig. | This 
is one of the many items which have been “‘tailor- 


Control 


made”’ to augment the standard radiological health 
protection equipment. 

The change-room trailer was intended for use in 
those locations where adequate facilities for decon- 
tamination of man garbed in plastic clothing, re- 
spirators and other protective covering were not 
available. Such a situation could apply where the 
use of normal change rooms has been temporarily 
lost due to heavy contamination or where buildings 
are inadequately equipped to deal with personnel 
decontamination. 

The trailer is a standard, commercially available, 
mobile home such as one may see in any trailer park. 
The inside of the trailer (Fig. 2) has been equipped 
in a manner which concurs with good change-room 
practices. The internal walls are so placed that an 
in-coming man, dressed in plastic suiting and other 
protective apparel and probably bearing particulate 
contamination on his outer clothing, is directed 
through a chain of decontamination processes. 

He passes first through a deluge shower cabinet 
where the particulate contamination is removed from 


the plastic suit. From this process he moves into an 
area where his plastic clothing and shoe rubbers are 
removed by a protectively garbed undresser. ‘Thence 
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he passes through an air-lock to another room where 
the respirator, coveralls and all the remaining 
clothing are removed and disposed into chutes which 
discharge into plastic bags outside the trailer. 

Having disrobed, the man passes into one of the 
two available personal showers. Thereafter, he is 
monitored and pertinent details of his exposure to 
radiation are recorded. Provided that the monitoring 
indicates the absence of personal contamination, the 
decontamination process is at an end and the man is 
free to pass into the last area where he may don clean 
clothing which is stored in cupboards. The man 
then leaves the trailer. 

The ventilation system is of interest. Intake air is 
passed through absolute filters to ensure the exclusion 
of particulate activity from the trailer space. ‘The 
air is tempered in a heater and is passed through 
ducts into each compartment of the trailer. ‘The air 
intake, is of course, located at the clean end of the 
trailer. 

The 


which 


air is exhausted near the entrance through 
the man garbed in plastic clothing passes. 
Again, the air is filtered. By filtering both the 
intake and exhaust air, it is intended that particulate 
contamination is neither accepted in the trailer nor 
freely exhausted from it. To aid the containment of 
activity, the inside of the trailer is maintained at a 
slight positive pressure with respect to atmospheric 
pressure. ‘This tends to preclude the inward flow of 
possibly contaminated outside air through the small 
cracks round windows and entrance doors. Efforts 
were made to ensure the tight fitting of doors and 
windows. 

The trailer was successfully operated for several 
weeks during the dismantling of some _ heavily 
contaminated equipment in a building which was 
inadequately serviced by suitable change rooms. 


News from Ireland—L. COLLERY 


An Exhibition of “The Peaceful Uses of Atomic 
Energy” was held in Dublin on March 8, 9 and 10, 
1961, under Royal Dublin 
Society in co-operation with the United Kingdom 
Atomic Energy Authority. 

This included an exhibition of models of the Calder 
Hall and Dounreay Reactors and display of radio- 


the auspices of the 


active isotopes, etc, 

Lectures were given on the use of radioactive 
isotopes in biological research by Dr. A. R. ‘THomson, 
and on the peaceful uses of atomic energy by J. A. 
Dixon. Films on related subjects were also shown. 
The exhibition was of the popular variety and 
attended by students of the various Science Faculties 


and members of the public. 
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News from Japan—Vosuio Aoki 

The problems that are involved in the utilization 
of atomic energy are somewhat more difficult to solve 


in Japan than in other countries. The Japanese 


people are very much concerned with the hazards of 


radiation. In addition, Japan is a densely populated 


country. Therefore, it has been necessary to establish 
an appropriate ‘‘climate’’ among the Japanese people 
through the assurance that all safety precautions have 
been and will be taken before proceeding with plans 
for the utilization of atomic energy. 

Laws governing the ‘‘Regulation of Nuclear Source 
Material and Atomic Reactors” have been established. 
Licenses for the construction of a reactor are issued 
only after serious deliberation on the _ potential 
hazards and safety precautions that will be taken. 
The Hazard Evaluation Committee of the Japanese 
Atomic Energy Commission and other governmental 
agencies are engaged in the analyses of the reactor 
hazards, of safety precautions and of reactor utiliza- 
tion. 

Safety Standards Committee is 


engaged in the 


In addition, the 
actively development of effective 
reactor safety criteria. 

Special studies are presently being pursued to 
evaluate the effects of reactor accidents on the public, 
to develop appropriate counter measures to be applied 
during and following an accident and to estimate the 
exposures to the population in the environs. 

Whole-body counters are being constructed for the 
Japanese Atomic Research Institute and the National 


Institute of Radiological Sciences. 


AK participated in radioisotopes for industry conference 


at Pittsburgh 


The Chamber of Commerce of Greater Pittsburgh 


and the Pittsburgh chapter of the American Nuclear 
with the 


Society cosponsored, in co-operation 


U.S. Atomic Energy Commission, a ‘‘Radioisotopes 
for Industry Conference”’, February 22 and 23, 1961. 
The meeting Penn 
Sheraton Hotel. 

lhe two-day conference was designed to provide 


was held in Pittsburgh’s 


information on important industrial applications of 


radioisotopes. Industry and Atomic Energy Com- 
mission speakers reviewed the management, eco- 
nomic and safety considerations in the use of radio- 
isotopes and discussed improvements in production 
efficiency obtained by their use in industrial tracing, 
gauging and radiography. A series of brief experience 
reports by local users on radioisotopes in the chemical, 
petroleum and steel industries was included. 


Management and technical personnel and educa- 


tors interested in present and future applications of 
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Detailed 
information on the obtained 
from PETER StipANOvICH, Manager, Public Affairs 
Division, The Chamber of Commerce of Greater 
Pittsburgh, Chamber of Building, 
Pittsburgh 19, Pennsylvania. 


radioisotopes in industry were discussed. 


conference may be 


Commerce 


IAEA sponsored conference on tritium and nuclear electronics 

Two international conferences were sponsored 
by the International Atomic Energy Agency. 

A Symposium on the Detection and Use of Tritium in the 
Physical and Biological Sciences was held in Europe, 
on April 10-14, and a Conference on Nuclear Elec- 
tronics was scheduled for May 15-20, in Belgrade, 
Yugoslavia. 

The scheduling of a tritium symposium resulted 
from the International Agency’s recognition of the 
rapid development of tritium as a research tool in the 
physical and biological sciences, which has led to 
extensive activity not only in the production and 
detection of tritium, but also in its application to 


various problems in chemistry, physics, biology, 
meteorology and hydrology. The symposium is the 
first this field 


enabled the scientists to present the results of their 


large international meeting in and 
studies, to exchange information and to formulate 
plans for future activity. 

The conference in Belgrade provided a forum 
for the exchange of ideas and discussion of recent 
developments in the rapidly growing nuclear 
field. ‘The program 
subjects as radiation detectors, pulse technique in 


electronics included such 
classical and fast electronics, and radiation monitoring 


instruments. 


Advance Notice 


Tenth International Congress of 
Radiology 


26 August—1 September, 1962 
Montreal, Canada 


The Canadian Board of Management announces 
that members of 
radiobiologists, biophysicists, radiation physicists and 
scientists in cognate fields are cordially invited to 
Inter- 


medical radiological societies, 


become members or associates of the Tenth 
national Congress of Radiology and attend its 
sessions which will convene in Montreal, Canada, 
26 August-1 September, 1962. 

The scientific programme and scientific exhibits 
will be arranged in four divisions: Diagnostic 
Radiology; Therapeutic Radiology; Radiobiology; 
Emphasis will be placed on 


Radiation Physics. 
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recent advances in knowledge, especially since the 
last Congress, in the selection of invited and proffered 
scientific communications and scientific exhibits. 
Symposia on correlated subjects embracing two or 
more of the above fields and certain cognate sciences 
will be included. 

Major topics selected for scientific papers and 
exhibits include: 


Recent advances in image amplification, recording 
and transmission 

Roentgendiagnostic assessment of the effect of ioniz- 
ing radiation 

Selective angiography in the investigation of organic 
disease 

Renal disease 

Clinical applications of cine-radiography 

Neurological and Paediatric radiologic studies 

Radiation dose in diagnostic procedures 

Effects of ionizing radiation at cellular and sub- 
celullar levels 


Radiation protection including employment of 


medication and hypothermia 

Effect of internal emitters on body tissues 

Ionizing radiation in relation to carcinogenesis and 
leukaemogenesis 

Total body irradiation, immunity mechanisms and 
marrow transplantation 

Genetic and population effects of ionizing radiation 

External localization of pathological processes with 
radioactive isotopes 

Metabolized isotopes in therapeutic radiology 

Measurement in vivo of absorbed dose in tissues 

Advances in external beam therapy 

\dvances in intracavitary and interstitial radiation 
therapy 

Treatment planning 


The Preliminary Announcement containing in- 
formation pertinent to membership enrolment, 
proffer of scientific papers and exhibits, hotel 
reservation, etc. will be sent to all qualified members 
of national medical radiological societies and other 
recommended scientists in the late spring of 1961. 


For the Board of Management, 
ArtTuuR C. SincLetTon, M.D., President, 
CarveTon B. Perrce, M.D., Secretary-General. 
Suite 204, 1555 Summerhill, Montreal 25, Canada. 


HEALTH PHYSICS SOCIETY 
PLACEMENT COLUMN 


Orders for ads to be sent prepaid to the Placement | 
Committee at the address below. Ads will appear 
in the next issue following receipt. 


1-Time Charges: 


Position wanted: $0.25 per word 
($4.00 minimum) 

Position offered: $1.00 per word 
($15.00 minimum) 


Replies to employer or to 
Mr. Joseph A. Lenhard, 
Chairman Piacement Committee H.P. Society, 
Research and Development Divison, USAEC 
P.O.B. E, Oak Ridge, Tenn. 


POSITIONS OFFERED 


fee paid positions for 


HEALTH PHYSICISTS 


Write for Application « No Resume Required * Confidential Handling 
We are a national placement service with technical 
experience, dedicated to people in the nuclear field 

wherever radioactivity is a factor 


ATOMIC PERSONNEL, inc. 


Suite 1207-R, 1518 Walnut Street, Philadelphia 2, Pa 
An Employment Agency for the Nuclear Field 


OBITUARY 


ELDA ANDERSON, 


Pioneer of Health Physics in the 
Atomic Energy Program, dies at 61 


EL_pA E. ANDERSON, pioneer in the atomic energy 
program and in the field of health physics, died of 
leukemia April 17, 1961 in Oak Ridge, ‘Tennessee, 
USA. 

Miss ANDERSON, a charter member of the Health 
Physics Society, was elected president of that organi- 
zation at the national meeting in Gatlinburg in 1959. 
Following her term as president, she was named 
chairman of the Society’s first committee to establish 
standards for health physicists. She served as the 
treasurer when it was organ- 
1957. 


society in a 


Society’s first secretary 
ized in 1956 and as secretary in Even in her 


last year, she was serving that most 


responsible capacity which is perhaps the _ best 
testimony of the high regard of the profession for her 
scientific standing and character. 

She began in health physics work long before many 
even understood the significance that the field would 
eventually assume. Her dedication to the need for 
training was decisive in the prompt establishment of 
programs that have produced hundreds of health 
physicists during the past decade—here in the United 


States and in many countries abroad. ‘The respect 
and affection of her students alone is testimony to her 
tremendous worth as both a scientist and a person. 

Miss ANDERSON moved rapidly from one job, one 


joy to another. And yet, she had an intense interest in 


people and was never too busy or too preoccupied 
with her many labors and recreations to make a new 
friend. She was, in both her professional and social 
life, an example and an inspiration for the many who 
were fortunate enough to know her well. Possessed of 
‘“‘an incredible zest for life’? is the way one of her 
closest associates describes her. 

Miss ANDERSON had known for the past five years 
that she had leukemia, but she did not slow down, 
either professionally or personally. Instead, she made 
a trip around the world involving both work and 
adventure. 

Miss ANDERSON’s death results in a tremendous loss 
to her field, her laboratory, her friends, her com- 
munity. However, her memorial will be a living, 
growing one as future advancements in health physics 
occur in no small part because of the information and 
inspiration she leaves behind. 

Her friends 
memorial scholarship for training in health physics. 
SUTHERLAND, 100 


and associates have established a 
Donations may be mailed to J. T. 
Plymouth Circle, Oak Ridge, ‘Tennessee, treasurer of 
the East Tennessee Chapter of the Health Physics 
Society. It is requested that contributions be made 
out to the Elda E. Anderson Memorial Scholarship 


Fund. 


ih 


ELpA E. ANDERSON 


